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Abstract 
 
Despite the development of various animal and tissue culture models for the study of 
human prostate cancer growth and metastasis, there is no non-invasive model that 
provides real-time information on the behavior of prostate cancer cells in the prostate or 
at distant sites.  The goal of this application is to devise a highly sensitive and specific 
nanotechnology- based molecular imaging technique to detect prostate cancer growth 
locally and at distant sites and observe the interaction between prostate cancer cells and 
their local microenvironment during their acquisition of migratory, invasive and 
metastatic capabilities.  This technique was made possible by a close collaboration 
between Chung/Zhau, who have extensive experience in the development of human 
prostate cancer metastatic models, and Nie, a biomedical engineer who devised an 
ultrasensitive and specific nanotechnology quantum dot (QD) bioconjugate that can 
image cancer cells in live animals at a sensitivity close to the single cell level.  This 
collaborative interaction between Chung/Zhau/Nie could significantly improve our ability 
to diagnose, prognose and treat human prostate cancer, first in experimental models and 
later in the clinic.    We have proposed three highly interactive aims that allow the PIs 
and trainees to interact during the development of this highly innovative technology.  
Aim 1 is to synthesize and test QD conjugates for the molecular imaging of prostate 
cancer cells in culture, and to improve the quality of the QDs so they will emit light at the 
near-infrared range for potential detection of cancer cells located in deep tissues.  Aim 2 
is to develop a highly reproducible and metastatic human prostate cancer model using 
immunocompromised mice.  Aim 3 is to combine Aim 1 and 2 by testing the sensitivity 
and the specificity of the molecular probe in detecting prostate cancer metastasis and its 
interaction with tumor microenvironment through the important process of epithelial-to-
mesenchymal transition (EMT), which has been closely associated with cancer cell 
migration and invasion, and appears at the invasion front of many cancers.      Upon 
completion of this proposed interactive project, we hope to further improve this 
technology to visualize cancer in live animals and perform real-time studies of the 
molecular interaction between cancer and its microenvironment. 
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Introduction: 
 
 Androgen independence and bone metastasis are two lethal phenotypes of human prostate cancer.  The 
current project has three proposed aims.  They are:  1) To develop a highly sensitive quantum dot (QD) 
bioconjugate imaging methodology for the detection of prostate cancer cells in live animals; 2) To develop a 
highly sensitive and reproducible human prostate cancer bone and visceral metastasis model for studying the 
molecular steps associated with human prostate cancer progression; and 3) To probe tumor-stroma interaction 
with special emphasis on interrogating the biological basis of the epithelial-to-mesenchymal transition (EMT) in 
vivo using QD nanotechnology for molecular imaging.  In this funding period, we have achieved the following 
goals: 
 
Body: 
 
Task 1:  Develop and characterize nanoparticle QD antibody conjugates capable of binding to prostate cancer 
cell surface specific antigens (months 1 to 12).   
 

We have completed this task by publishing the epithelial to mesenchymal transition (EMT) model and 
defined gene expression and behavior changes of the ARCaP cells upon progressing to EMT (The 
Prostate, 2006, Appendix 1).  We have found a number of important cell surface biomarkers, receptor 
activator of NFκB ligand (RANKL) and IL-13 receptor-α 2 as the potential sites for quantum dot 
antibody or ligand binding.   

 
Task 2: Evaluate the sensitivity and specificity of the nanoparticle QD antibody conjugates for molecular 
imaging of human prostate cancer cells and their variants with defined differences in biochemical and 
behavioral characteristics (months 6 to 12).   
 

This task has been completed.  We have evaluated the expression of RANKL expression by ARCaP 
cells using RT-PCR, western blot, and immunohistochemistry (Figure 1).  The expressed RANKL by 
ARCaP cells is functional as revealed by the ability of ARCaP cells that overexpressed RANKL 
promoted osteoclastogenesis in an in vitro assay (Figure 2).  We conjugated IL-13 receptor-α 2 antibody 
with visible quantum dots and found the ability of this antibody QD conjugate recognized appropriate 
cell target (Figure 3).  We have completed the comparative aspect of the biochemical and behavior 
changes of ARCaP cells upon EMT (Please see Appendix 1). 
 

Task 3: Test the ability of selected molecular imaging probes to be used together (multiplexing) for tracking 
single or aggregated cells in culture (months 6 to 12). 

 
This task is completed where we have successfully multiplexing several QD nanoparticles with emission 
fluorescence in the visible range for the detection of several molecular markers in prostate cancer cells.  
The multiplexing technique developed here will be applicable to in vivo imaging of tumors using similar 
QD approaches.   
 

Task 4: Select quantum dot molecular probes with far-red and near-infrared emitting wave lengths for in vivo 
imaging in animals previously implanted with human prostate tumors (months 12 to 36).   
 

We have described an ultrasensitive method that allows us to visualize human prostate cancer cells in 
mouse skeleton using bioconjugated near infrared fluorescent QDs.  In this study, we have shown a 
human cancer C4-2 xenografts grown in mouse tibia can be visualized with a PSMA antibody conjugate 
with QDs emitting light at the near-infrared range of 800nm, or QD800.  As few as 5,000 C4-2 cells can 
be detected when previously tagged with QD800 conjugate and injected directly into mouse tibia (Figure 
4).  We have successfully applied this imaging technique for the detection of previously formed prostate 



tumors in mouse tibia (Figure 5).  This technique has been expanded to detect the binding of anti-IL-13 
receptor-α 2 on the cell surface of prostate cancer cells in vivo.   

 
Task 5: Develop and characterize an ARCaP human prostate cancer cell model with a predictable pattern of 
bone and soft tissue metastases (months 1 to 24).   
 

We have isolated ARCaP clones that have differential ability to express EMT markers and the ability to 
metastasize to the skeleton or soft-tissues (primarily adrenal gland).  We also characterized in more 
detail the ability of maintenance of the gene expression and phenotypes of ARCaP cells in culture 
permanently.  Results of our study show that bone is an efficient environment that can facilitate EMT in 
human prostate cancer cells transiently upon early interaction.  However, if such interaction is allowed 
to occur for an extended period, permanent phenotypic and behavior changes of the ARCaP cells were 
observed (Xu et al., Prostate, 66(15):1664-73, 2006).    

 
Task 6: Do molecular profiling of ARCaP and ARCaP-derivative cell lines with respect to their gene 
expression using cDNA microarray and validate such differences using tissue array (months 6 to 18). 
 

We have completed proteomic analysis of ARCaP sublines with respect to their gene expression profiles. 
This approach was taken using the facility of animals from the microchemical facility, Emory University 
School of Medicine, for overall proteomics analysis of protein extracts from ARCaP sublines.   
Differentially expressed genes were confirmed by RT-PCR and western blot in cultured cell lines.  
Proteomic analysis using the microchemical core facility of Emory University School of Medicine, we 
have identified 160 proteins with 99% confidence that exhibit differential expression between ARCaPE 
and ARCaPM cells.  In particular, we found a gene named epithelial protein lost in neoplasm (EPLIN) 
that showed differential expression in clinical specimens.  We will focus our future attention on further 
elucidating the molecular mechanisms regulating EPLIN and possible application of this molecular 
marker for prostate cancer imaging.   

 
Task 7: Assess gene expression profiles in tumors obtained from animals that have been subjected to imaging 
and characterize gene expression profiling in primary and metastatic tumors using RT-PCR, western blots and 
IHC (months 18 to 36). 
 
 We have developed immunohistochemical analysis of relevant genes that may be expressed by ARCaP 

cells in animal models. We have completed selected genes that are expressed on the cell surface of 
prostate cancer cell lines.  The expression of these genes will be followed in cancer cells by the use of 
antibody conjugated nanoparticles on a real time basis. 

 
Task 8: Develop a nanotechnology-based prostate cancer detection technology for both local invasion and 
distant metastasis with particular focus on EMT in primary and distant metastatic sites (months 1 to 24). 
 
 QD800 has been shown to detect prostate cancer growth in mouse tibia.  Although we found QD800 can 

be detected from mouse tibia containing prostate tumors, the sensitivity of this imaging seems to be less 
than desired.  For example, prostate cancer cells colonized in femur have a more difficult time to be 
detected than similar tumors grown in the tibia.  We have developed techniques to visualize tumors 
using near-infrared organic dyes, which can localize tumors in mice with minimum background activity.  
Additional studies are being conducted now to confirm if these observations can be validated. 

 
Task 9: Evaluate the sensitivity and specificity of individual nanoparticle QD antibody conjugates as molecular 
probes for multiplexing numerous cell surface targets simultaneously in mice previously implanted with human 
ARCaP cells or derivative variants (months 12 to 36). 
 



We have successfully completed the in vitro multiplexing analysis targeting genes related to EMT. We 
have established tumor growth in mouse skeleton and found that mouse tibia might be the most sensitive 
site for the detection of prostate cancer bone metastasis.  We are exploring the potential use of other QD 
conjugates that may allow the visualization of human prostate cancer in bone more effectively than the 
QD800 we are presently testing. 

 
Task 10: Summarize the results, repeat certain studies, and prepare manuscripts for publication (months 12 to 
36). 
 

We have completed the publication of one manuscript as seen in Appendix 1-4.  Two other manuscripts 
will be submitted shortly to summarize the biomarkers and the behavior changes of ARCaP cells upon 
interaction with bone microenvironment, the discovery that RANKL is an important EMT marker and 
the ability to detect prostate cancer bone metastasis using QD800.   

 
 
Key Research Accomplishments: 
 

• We have developed an ARCaP model of human prostate cancer progression with focus on EMT.   
• We have developed far red and infrared range of quantum dot nanoparticles for in vivo imaging 

of prostate cancer cells in live mice. 
• We have developed multiplexing technology to evaluate EMT biomarkers during ARCaP 

prostate cancer progression and in clinical prostate cancer specimens. 
• We have published one manuscript in the Prostate and one review as a book chapter. We have 

also completed two additional manuscripts and one review. 
 
Reportable Outcomes:  
 

1. During this funding period, four manuscripts have been published (see Appendices 1-4 below).  
2. We developed an ultrasensitive detection method for prostate cancer metastasis. 

 
Conclusions: 
 
 Quantum dot linked molecules have been shown to be highly effective in the detection of molecular 
biomarkers associated with EMT in the ARCaP model of human prostatic cancer progression.  This technology 
can be expanded to determine EMT in clinical human prostate cancer tissues.  In addition, using near infrared 
quantum dot probes linked to antibodies designed to target human prostate cancer surface prostate cancer 
metastases from deep tissues. 
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ProstateCancerMetastasis:Role of theHost
Microenvironment in Promoting Epithelialto
Mesenchymal Transition and IncreasedBone

andAdrenalGlandMetastasis

Jianchun Xu,1 Ruoxiang Wang,1 Zhi Hui Xie,1 Valerie Odero-Marah,1

Sen Pathak,2 Asha Multani,2 Leland W.K. Chung,1 and Haiyen E. Zhau1*
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BACKGROUND. The ARCaP cell line was established from the ascites fluid of a patient with
metastatic prostate cancer. This study characterized the hostmicroenvironmental role in cancer
progression, epithelial to mesenchymal transition (EMT), and bone and adrenal metastasis in
parental ARCaP and its derived cell subclones.
METHODS. Cytogenetic profiles, growth, migration, invasion, cellular interaction, drug
sensitivities, and gene expression of ARCaP cell subclones were compared. In vivo gene
expression, behavior, and metastasis of ARCaP subclones were analyzed by serial intracardiac
injections into SCID mice.
RESULTS. ARCaPE cells, with cobblestone morphology, underwent EMT through
cellular interaction with host bone and adrenal gland. Lineage-derived ARCaPM cells, with
spindle-shape fibroblastic morphology, exhibited decreased cell adhesion and increased
metastasis to bone and adrenal gland. Cytogenetic analyses of parental and ARCaP subclones
confirmed their clonality.
CONCLUSIONS. ARCaP uniquely models the molecular basis of prostate cancer bone and
adrenal metastases and epithelial to mesenchymal transition.
Prostate # 2006 Wiley-Liss, Inc.

KEY WORDS: organ-specific tropism; clonal interaction; cancer cell heterogeneity;
animal model; cancer progression

INTRODUCTION

The diversity and heterogeneity of human prostate
cancer cells is well appreciated. A broad spectrum of
cancer cell behaviors include the ability to grow, invade
surrounding normal tissues, andmetastasize to distant
organs [1–3]. Despite similarities in the histologic
presentation of prostate cancers at the time of disease
diagnosis, their clinical behaviors, including time
to disease progression and metastasis, sensitivity to
hormones, chemotherapy and radiation, and propen-
sity to relapse still cannot be predicted with certainty
[4–7]. Relevantmodels that couldprobe thephenotype,

behavior, and progression of cancer cells are lacking, as
well as appropriate methods and sensitive biomarkers
that can diagnose disease and reliably predict its

Abbreviations: ARCaP, androgen refractory cancer of the prostate;
EMT, epithelial mesenchymal transition.

*Correspondence to: Haiyen E. Zhau, PhD, Department of Urology,
Molecular Urology and Therapeutics Program, Emory University
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E-mail: hzhau@emory.edu
Received 17 February 2006; Accepted 16 May 2006
DOI 10.1002/pros.20488
Published online in Wiley InterScience
(www.interscience.wiley.com).
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clinical behavior early on. However, investigations
have revealed a wealth of fresh information on the
molecular basis of cancer metastasis through: (1) the
development of useful transgenic [8–10] and xenograft
[11–18] animal models and human prostate cancer
cell lines [3]; (2) characterization of the genetic diversity
and heterogeneity of cancer cells and animal models;
(3) the identification of specific loci that may
harbor genes or clusters of genes contributing to the
development of familial or sporadic forms of prostate
cancer [19–21]; and (4) elucidation of intracellular cell
signaling and the roles of autocrine and paracrine
factors in the tumor milieu that control the behavior of
prostate cancer cells in interaction with the tumor
microenvironment [2,3,22–24]. Becauseprostate cancer
has a predilection to metastasize to bone, resulting in
increased patient mortality and morbidity, we sought
to develop a highlymetastatic prostate cancer model to
evaluate the involvement of epithelial to mesenchymal
transition (EMT) and the host microenvironment in
prostate cancer bone and soft tissue metastases. This
communication reports the cytogenetic, phenotypic,
and behavioral characterizations and gene expression
profiles of parental ARCaP and ARCaP cell subclones
subsequent to cellular interactionwithmouse host cells
in vivo.

MATERIALSANDMETHODS

Cell Culture

ARCaP cells were derived by our laboratory from
the ascites fluid of a patient with metastatic carcinoma
of the prostate [16]. Cells were routinely maintained
in a culture medium consisting of T medium (Life
Technologies, Gaithersburg, MD) and 5% fetal bovine
serum (FBS) at 378C supplemented with 5% CO2.
Limited dilution was performed by suspending 400
cells in 60ml of Tmediumand seeding 100ml perwell in
six 96-well plates. The wells containing one cell were
expanded. Cell growth was determined by crystal
violet assay [25]. In brief, cells (3� 104 per well) were
trypsinized and resuspended in Tmedium and seeded
in 24-well plates under routine culture conditions. One
plate of cells was removed at each designated
time point and fixed with 0.5 ml of 1% glutaraldehyde
for 15 min, stained with 0.5% crystal violet solution for
15 min, rinsed four times with water, air dried then
eluted by Sorenson’s solution for 30 min at room
temperature. The optical density of the eluted solutions
was read at 590 nm. The OD590 was determined by an
APECTRAmax 190 Microplate Reader and directly
correlated with the number of cells [25]. Conditioned
media (CM) were collected from cells reaching 80%
confluence, rinsed with PBS, replaced with serum-free

Tmedia and2%TCM(CeloxLaboratories, Inc., St. Paul,
MN) and cultured for 24 hr. The effects of CM on
cell growth were determined in triplicate assays of
three independent experiments with data expressed as
average� SEM.

Invasion andMigrationAssays

A total of 35 ml of Matrigel Matrix (BD Biosciences,
Bedford, MA; 100 mg/cm2 surface area; diluted 1:5 in T
medium) was placed on the inner upper Boyden
chamber (BIOCOAT, 6.4 mm insert with 8 mm pores;
Becton Dickinson Labware, Bedford, MA) and incu-
bated for 30 min prior to adding to the cells. Cells
(5� 104) were suspended in 500 ml of 0.1% BSA/T
medium and added to the inner upper Boyden
chamber. One milliliter of 0.1% BSA/T medium was
added to the outer Boyden chamber. The chambers
with or without Matrigel were placed in 24-well plates
and incubated for 48 hr. MTT solution (2.5 mg/ml;
Sigma, St. Louis, MO) was added to both the inner
(40 ml) and the outer (80 ml) chambers and incubated for
an additional 4 hr. Themediawere collected separately
from each chamber, and cell-associated MTT crystals
were scrubbed off with filter paper and dissolved
separately in 500 ml dimethyl sulfuroxide (DMSO). The
color intensity was measured at 590 nm against the
appropriate blank controls (0.1% BSA/T medium with
MTT solution and 500 ml DMSO). The % invasion was
calculated by MTT eluted from cells invaded through
the Boyden chamber/MTT eluted from cells that
remained in the upper Boyden chamber plus those
that invaded through the Boyden chamber. The %
migration was conducted and calculated similarly to
cell invasion, except the Boyden chambers were not
coated with Matrigel [26,27]. Relative invasion, migra-
tion, and growth are presented as average� SEM of
triplicate assays from two independent experiments.

In addition, migration was also determined by
scratch wound assay [28] where cells (5� 105) were
cultured in a 24-well plate. Then the 100%confluent cell
layerswerewoundedwith two parallel scratches using
a sterile 200 ml pipette tip and rinsed with PBS. Images
were taken at 0, 12, 24, 36, and 48 hr at the marked site
using a ZEISS Axiovert 200M inverse light microscope
(at 4�) and Openlab software (Improvision, Coventry,
UK). Five measurements were taken from 0 to 48 hr.
Mean widths were determined as a function of time
with % migration tabulated as (Width 0 hr�Width at
12 to 48-hr)�Width 0 hr� 100%.

Chemotherapeutic Sensitivityof Parental
ARCaP andARCaPCell Subclones

Cells (5� 103 per well) were cultured in 96-well
plates for 24 hr and then replaced with fresh cultured
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medium to which were added Paclitaxel, Etoposide, or
Doxorubicin (Sigma, St. Louis, MO) at four different
concentrations, followed by incubation for 96 hr. Cell
growth was measured using the MTT assay.

Cytogenetic Analysis

Cells at 75% confluence in freshmediawere exposed
to Colcemid (20 ng/ml; Sigma) for 30 min at 378C,
rinsed two times with Hanks’ balanced salt solution,
and exposed to 0.01% trypsin for 5–7 min. The
dislodged cells were neutralized with RPMI 1640
containing 10% FBS, and centrifuged at 1,700 rpm for
5 min. The cell pellet was disturbed and exposed to a
hypotonic solution (0.06 M KCl) for 20 min at room
temperature. After centrifugation, the cells were fixed
in acetic acid: methanol (1:3, v/v) for 15 min, rinsed
three times with the fixative and stained with Giemsa
solution for G-banding following routine procedures
[16]. Five to ten G-banded metaphase spreads were
photographed for chromosome analyses for each cell
clone.

Protein Expression

Immunohistochemical (IHC) andWestern blot were
used to determine the level of protein expression
in cells. Monoclonal antibodies against cytokeratin
18/19 (CK18/19) were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA); vimentin (VM)
antibody from Dako Corp., Ltd. (Carpinteria, CA).
Polyclonal antibodies to E-cadherin and N-cadherin
were obtained from Santa Cruz. For immunohisto-
chemical analysis, acetone (�208C)-fixed cells or
deparaffinized tissue sections (4 m) were treated with
3% hydrogen peroxide, blocked with Super Block
(Scytek Laboratories, Logan, UT), avidin and biotin
(Vector Laboratories, Inc., Burlingame, CA) for 15 min
each, and incubated with primary antibody overnight
at 48C. The signals were amplified by an avidin–biotin
HRP system using multilink and label reagents
(BioGenex, San Ramon, CA) and hydrogen peroxide/
DAB (3, 30-diaminobenzidine) as peroxidase substrate
and chromogen (Sigma). Background activity was
determined by (1) eliminating the primary antibody,
(2) using matching mouse immunoglobulin subtypes,
or (3) normal goat or rabbit serum at appropriate
dilutions. For Western Blot Analysis, cells were
harvested at 80% confluence and rinsed twice with
cold PBS. Cellular protein was extracted in a homo-
genization buffer (phosphate buffered saline with 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
10 mg/ml phenylmethylsulfonyl fluoride (PMSF),
1 mM sodium orthovanadate, 1 mg/ml leupeptin, and
1 mg/ml aprotinin). The total cell lysate (7.5–20 mg)was
resolved by 7.5 or 10–20% SDS–polyacrylamide gel

electrophoresis and transferred to a nitrocellulose
membrane (NitroPure, Osmonics, Westborough, MA).
The membrane was blocked for 1 hr at room tempera-
ture with 5% nonfat milk in TBST buffer (50 mM Tris-
HCl, 150 mM NaCl, 0.05% Tween 20) and incubated
with primary antibody in TBST blocking buffer for 1 hr
at room temperature. The signal was detected by
reacting with secondary antibody conjugated to horse-
radish peroxidase coupled with enhanced chemilumi-
nescence (ECL) reagents (Amersham-Pharmacia
Biotech, Piscataway, NJ), and exposed on Hyperfilm
(Amersham).

Tumorigenicity andMetastasis InVivo

Five to seven-week-old athymic NCr-nu/nu male
mice (NCI) were used as hosts. Cells at 80% confluence
were changed with fresh T-medium the day before
harvest. Cells were resuspended (2� 107/ml) and
injected subcutaneously (1� 106 cells/100 ml/site, four
sites per mouse). For intracardiac injection, cells were
injected as 5� 105 cells/50 ml PBS/mouse using a
28G1/2 needle.Micewere anesthetized and placed in a
supine position. The needle was inserted 5 mm above
the middle of the left side of sternum. When fresh
arterial blood appeared in the syringe, this indicated
the successful penetration into the left ventricle.
Cells were infused slowly and directly into mouse
left ventricle for systemic circulation. Tumor formation
was monitored weekly and volume calculated as
length�width�height� 0.5236 [25,26]. Metastases to
distant organs were confirmed by radiography,
necropsy, and histomorphology of the tumor speci-
mens.

Derivation of Cell Subclones FromTumorTissues

Tumor tissue was freshly harvested, rinsed three
timeswith PBS, replacedwith cold PBSwith antibiotics
(Penicillin/Streptomycin (10,000 U/ml), placed on ice
for 5 min, changed to cold T medium with 10% FBS
andantibiotics, andkept on ice. Tissuewas cut into 0.5–
1 mm3 pieces, put in cell culture dishes (separating at
0.5–1.0 cm), and briefly air dried to allow attachment.
One to 2 drops of culture media were added on top of
and around the tissue pieces to keep them humid and
incubated. A fewmore drops ofmediawere added 6 hr
later followed by more media at 24 and 48 hr. Tumor
cells andmouse stromal cells started to emerge by 48 hr
with spindle-shape cells around the tissue and epithe-
lial-like cells migrating away from the tissue piece,
forming a rather ‘‘pure’’ colony by Day 7–10. We used
cloning disks (Scienceware, Pequannock, NJ) to isolate
pure cell subclones. Additional contaminating stromal
cells were removed from epithelial cells by differential
trypsinization [26].

The Prostate DOI 10.1002/pros
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RESULTS

ARCaPSubclonesHave Similar Cytogenetic Prof|les
butDistinctMorphology,Growth Rates,Gene
Expression Prof|les and Behaviors InVitro

The ARCaP cells were originated from the ascites
fluid of a patient with prostate cancer bony metastasis
[16]. The ARCaP cells harbor wild type androgen
receptor (AR) and secrete low level of prostatic specific
antigen (PSA) as compared to LNCaP cells. In contrast
to LNCaP cells, parental ARCaP cells are invasive and
cell growth is repressed by androgen both in vitro and
in vivo. Figure 1 shows five ARCaP cell subclones
obtained by dilution cloning with marked differences
in their morphology, ranging from cobblestone epithe-
lial (IF11 or ARCaPE) to spindle-shape mesenchymal
cells (IA8 or ARCaPM). Clones IID4 and IIC11 gave rise
tomorphologic features intermediate betweenARCaPE

andARCaPM.One of the subclones, IF3, exhibited giant
cellmorphologywithmultinuclear features resembling
matured osteoclasts. The growth rates of the five
ARCaP cell subclones in vitro showed the mesench-
yme-like ARCaPM as the fastest, followed by IIC11,
IID4, and IF3, with the epithelium-like ARCaPE being
the slowest (data not included).

Cytogenetic Analyses

Cytogenetic analyses of parental ARCaP and the five
cell subclones (Table I) indicated that these cells are
clonal. These subclones exhibited the same major
marker chromosomes as ARCaP parental cells [16].
However, each of the ARCaP cell subclones had its
uniquemarker chromosomes. During the course of this

study, both the morphology and the cytogenetic
profiles of parental ARCaP and its subclones were
stable despite repeated subculturing of the respective
cells in vitro for more than 20 passages (unpublished
results). The ARCaP cytogenetic profile [16] is distinct
from the widely studied LNCaP cells [26]. They do not
share common marker chromosomes and can easily be
identified and distinguished from each other based
on their distinctive marker chromosomes. While the
ARCaP subclones have distinct cytogenetic profiles,
they also differ in their histomorphology, growth
rate, migratory, invasive, and metastatic potentials,
and drug sensitivity (see Results). These properties
are maintained in the mixed parental ARCaP cells by
cell–cell interaction.

Growth,Migration, and Invasion of ARCaPE

andARCaPMSubclones InVitro

Since EMT has been associated with increased
cancer cell invasion and migration [29–31], we eval-
uated the possible correlation between two morpholo-
gically distinct ARCaP subclones, cobblestone-shaped
ARCaPE and the spindle-shaped ARCaPM subclones.
Cell invasion using a Boyden Chamber coated with a
Matrigel barrier (Fig. 2A), andmigration as assessed by
Scratch Wound Assay (Fig. 2B) correlated with cell
growth rates (Fig. 2C), revealed higher migration and
invasion by ARCaPM than ARCaPE cells (P< 0.01).
These two clones, after co-culturing (1:1) for more than
20 passages, still retained their original distinct
morphology as seen in Figure 1 without one clone
being preferentially ‘‘selected’’ over the other (data not
included). We hypothesize that clonal interaction
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Fig. 1. HistomorphologyofARCaPcell subclonesrangedfromcobblestone-shapedARCaPE to spindle-shapedARCaPMcells.
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occurs through factors secreted by one cell type
exerting either a growth stimulatory or inhibitory effect
on the other. To test this hypothesis, we replaced the
cultured media of ARCaPE with conditioned media
(CM) collected from ARCaPM and vice versa. Figure 3
showed that CM from the fast-growing ARCaPM cells
stimulated the growth of the slow-growing ARCaPE

cells (P< 0.01), but there was no growth inhibitory
effect when the reverse experiment was conducted.
These results suggest that a stimulatory rather than
inhibitory factor plays a role in the maintenance of
ARCaPE andARCaPM subcloneswithin theARCaP cell
population (see below).

Gene Expression Prof|les of ARCaP
SubclonesGrown inCulture

We conducted gene profile analysis of ARCaP
subclones with specific emphasis on ARCaPE,
ARCaPM, and ARCaP-Ad (Adrenal). We found that,
consistent with their morphologic features, ARCaPE

expressed dominantly epithelial markers while
ARCaPM and ARCaP-Ad expressed mesenchymal
markers (Fig. 4), as evaluated by Western blots and

IHC. These results were also confirmed by RT-PCR
(data not included). Because of these morphologic and
molecular characteristics thus the names ARCaPE,
ARCaPM, and ARCaPAd were given to IF11, IA8,
and ARCaP-Adrenal subclones respectively. ARCaPE

expressed higher E-cadherin and cytokeratins 18 and
19 typically associated with epithelial cells, whereas
ARCaPM and ARCaPAd expressed more genes asso-
ciated with mesenchymal cells, such as elevated
vimentin and N-cadherin expression with concomi-
tantly lower expression of epithelium-associated
E-cadherin and cytokeratin genes. In addition to
the classic EMT-associated genes, we also detected
elevated protein expression of PSA,AR, andPSMAand
twonewEMT-associated genes inARCaPM than that in
ARCaPE (data not included).

Effects of Chemotherapeutic Agents on
InVitroGrowthof ARCaPCell Subclones

Because ARCaP represents a lethal form of human
prostate cancer with the ability to invade and metas-
tasize aggressively to bone and soft tissues, we sought
to determine the in vitro sensitivities of ARCaPE and
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TABLE I. Cytogenetic Prof|les of Parental ARCaPand Its FiveCell Subclones

Cells 1pþ 1qþ del5q 5pþ 6pþ del8p i(9q) 12qþ 15pþ 18qþ 21pþ delX t(13:15) 8qþ i(5q) 6qþ

IIC11 þ þ þ þ þ þ þ þ þ þ þ þ � � � �
ARCaPM þ þ þ þ þ þ þ þ þa þ þ þ þb,a �a � �
ARCaPE þ þ þ þ þ þ þ þ �a þ þ þ �a þb,a � �
IID4 þ þ þ þ þ � þ þ þ þ þ þ � � þb �
IF3 þ � þ þ þ þ þ þ þ þ þ þ � � � þb

ARCaP þ � þ þ þ þ � þ � þ � þ � � � �

aDifference between ARCaPM and ARCaPE.
bDifference among the five subclones.

Fig. 2. ARCaPMcells exhibithigher invasion (A),migration (B), andgrowthrate (C) thanARCaPE.
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ARCaPM to several clinically used chemotherapeutic
drugs and compared the results to invasive LNCaP
lineage C4-2 cells treated with the same drugs. We
found thatARCaPMandARCaPEaremore resistant to a
DNA intercalating agent, doxorubicin (IC50s 5.5 and
3.4 uM for ARCaPM and ARCaPE, respectively) than
C4-2 cells (IC50, 2.7 uM).ARCaPMandARCaPE are also
more resistant to topoisomerase inhibitor II, etoposide
(IC50s 5.8 and 8.1 uM, respectively) than C4-2 cells
(IC50, 5.6 uM). The relative resistance of ARCaPM and
ARCaPE, compared to C4-2 cells, to the microtubule/
tubulin assembly binding agent, paclitaxel, was also
observed with IC50s at 39, 53, and 23.5 nM, respec-
tively.

Comparison of theTumorigenicity andMetastatic
Potentials of ARCaPE andARCaPMinMice, and
theDerivation of ARCaPM-Like Cells FromBone
andAdrenal GlandHarvested FromAnimals

InoculatedWithARCaPECells

To confirm that differences in morphology, cell
behavior, gene expression profiles, and sensitivity to
chemotherapeutic drugs between ARCaP cell sub-
clones in vitro reflect their tumorigenicity and meta-
static potential in vivo,we conducted animal studies by
inoculating two ARCaP cell subclones, ARCaPE, and
ARCaPM, into the left ventricles of immune-compro-
mised SCID mice. The animals were observed closely
and bone and soft tissue metastases were confirmed
by X-ray, physical palpation, and histomorphology.
Figure 5 showed the histopathology (top panels) and
vimentin expression (IHC, bottom panels) of primary
tumors from ARCaPE, ARCaPM, and metastatic
lesions of bone and adrenal gland in mice inoculated
intracardiacally with ARCaP cells. Similar to our
experience in the orthotopic injection of parental
ARCaP cells [16], tumor cells induced mixed osteo-
blastic and osteolytic responses in mice upon intracar-
diac injection of ARCaP subclones. Some mice also
exhibited apparent cachexia and paraplegia at the later
stage of bone metastasis (data not included).

The EMT-associated elevated expression of vimen-
tin was demonstrated in ARCaP bone and adrenal
meatastatic tumors as comparing with the primary
tumor (Fig. 5). We derived ARCaP cell subclones from
bone and adrenal gland metastases and further tested
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Fig. 3. Conditionedmediumderived from fast-growing ARCaPM
subclone stimulatedthegrowthof slow-growingARCaPEcells.

Fig. 4. Protein expression profile changes from ARCaPE to ARCaPM and ARCaPAd are closely associated with epithelial to mesenchymal
transition.Westernblot (leftpanel),IHC(rightpanel).
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their metastatic potentials in mice. The incidence of
bone metastasis ranged from 12.5% (1/8) for ARCaPE

cells, with a latency of 71 days, to 100% (9/9) for
ARCaPM cells, with a latency of 61 days (range 40–
104 days). Interestingly, consistent with these observa-
tions, increased bone metastasis resulted from ARCaP
cell interaction with mouse bone, through recycling of
the injected ARCaPE or ARCaPM cells in the mouse
hosts. Mice inoculated with ARCaPE or ARCaPM cells
also developed increased adrenal gland metastasis,
from 22% (4/18, latency 132 days, range 70–165 days)
to 33% (3/9, latency 96 days, range 77 to 135 days).
Remarkably, ARCaPAd metastasized only to host
adrenal gland. We observed that both ARCaPAd and
ARCaPM-like cells derived from ARCaPE had altered
morphology and gene expression profiles (Fig. 4)
resembledmesenchymal cells, suggesting that the bone
and adrenal gland microenvironments had promoted
EMTby facilitating the trans-differentiation ofARCaPE

cells toward ARCaPM with preferential metastasis to
bone or adrenal gland. In addition to adrenal gland, a
low frequency of host mice also developed lymph
node, liver, and lung metastases (data not included).

DISCUSSION

We established an ARCaP human prostate cancer
cell model to study the possible relationship between
the hostmicroenvironment, EMT, the critical transition
of prostate cancer cells from epithelial to mesenchymal
phenotype, [29–31], and the propensity of prostate
cancer to metastasize to bone and soft tissue. We also
correlated EMT with increased cell growth, migration,

and invasion in vitro. EMT has been reported
during embryonic development. The invasion front of
the developing organ resembles that of the tumor,
exhibiting increased cell motility, invasion, and migra-
tion as observed in breast and bladder cancers. In the
ARCaP human prostate cancer progression model,
EMT can be promoted by cellular interaction between
an ARCaP human prostate cancer cell subclone,
ARCaPE, and host bone or adrenal gland. The deriva-
tiveARCaPMandARCaPAd cells have thepropensity to
metastasize to bone and adrenal gland, respectively.
Through further cellular interaction with host adrenal
gland, we derived a secondary generation of ARCaPAd

cells.We observed, remarkably, that second generation
ARCaPAd cells had their ability to metastasize
restricted only to the host adrenal gland. Because of
the similarities in cell morphology, gene expression
profiles, and behavior of ARCaPM derived from
ARCaPE through in vivo selection as a bone metastasis
variant and the ARCaPM IA8 subclone originally
isolated from the ARCaP cells, we suggest that IA8
derived from IF11 through EMT transdifferentiation
and the interaction of ARCaPE with the host bone.
Following cellular interaction between human prostate
cancer ARCaPE cells and the mouse host, we observed
changes inmorphology, gene expression, and behavior
in this cell clone to resemble a mesenchymal cell
type, express mesenchymal genes, and show increased
invasion and migration in vitro and metastasis to bone
and adrenal gland in live mice (Fig. 2–5). The changes
in gene expressionprofile, such as increased expression
of vimentin and N-cadherin and decreased expression
of E-cadherin and cytokeratin18 and 19, are consistent
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Fig. 5. Histomorphology (toppanel) and vimentin expression (IHC, bottompanel) of primary tumors of ARCaPE, ARCaPM,metastatic
bone,andadrenalglandinducedbyintracardiac injectionsofARCaPMcellsinathymicmice.
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with the morphologic switch of ARCaP cells by EMT,
with increased metastatic potential, as reported in
several other tumor types [32–35]. We suggest that the
host microenvironment plays an important role in
facilitating EMT and subsequent prostate cancer
metastasis to the skeleton and soft tissues [3]. We
observed that despite the clonal origin of ARCaP cells,
they present as distinct morphologic and molecular
variants with diverse ability to metastasize to bone
and adrenal gland. Our results suggest that soluble
stimulatory factor(s) secreted by prostate cancer cells
may be responsible for the maintenance of tumor cell
heterogeneity in ARCaP cells when cultured in vitro
(Fig. 3). These observations are consistent with the
published literature, where soluble factors such as
TGFb and/or EGF can confer EMT in cultured cells,
resulting in altered cell growth and behaviors such
as cell motility, invasion, and metastasis in vitro
[29,31,33,35].

The fact that host interaction enhances EMT and
promotes ARCaP cells to migrate, invade, and metas-
tasize in this model suggests that clinical bone and
adrenal gland metastases of prostate cancer cells may
be acquired and facilitated by cellular interaction with
host microenvironment. Based on the results of this
and our previous studies [3,15,16,26], it is likely that
resident fibroblasts in the prostate, bone, or adrenal
gland or cells recruited from hosts, such as inflamma-
tory and marrow stem cells [36–38], can instigate
prostate cancer cells to gain increased malignant
potential through the local production of soluble
factors, reactive oxygen species and/or extracellular
matrices that prompt the tumor cells for enhanced
growth and metastasis [30,35,37,38]. Using marginally
tumorigenic LNCaP cells as model, we showed
previously that co-inoculating LNCaP cells with either
non-tumorigenic human prostate stromal fibroblast or
a human osteosarcoma cell line [25,39] formed large
chimeric tumors. By cloning LNCaP cells from the
chimeric tumors, we established lineage-derived
LNCaP sublines C4-2 and C4-2B cells which, like
other variants [25,39,40], exhibited increased lymph
node and bone metastasis. Similar results, that is, an
increased propensity for local tumor formation and
distant metastases, were obtained with ARCaP cells as
described in the present communication and other
human prostate cancer cell lines, whereby a human
prostate cancer cell line when injected alone, without
the presence of stromal fibroblasts, but with recruited
host stromal cells, can promote prostate cancer pro-
gression [41–43]. We posit that ARCaP interaction
with bone or adrenal gland promotes irreversible EMT
with subsequent increased invasive and migratory
potential and the ability to metastasize to bone and soft
tissues.

The demonstration that ARCaP cells undergo EMT
in bone or adrenal gland and gain metastatic potential
for various sites has several important clinical implica-
tions for controlling cancer growth and metastasis.
First, the host microenvironment includes soluble
and insoluble factors associated with or secreted by
osteoblasts, osteoclasts, marrow stromal, or stem
cells that could play key roles promoting EMT, an
important molecular transition by which cancer cells
gain increased metastatic potential in response to the
changing tumor microenvironment. These interactions
could result in the promotion of cancer cell metastasis
to soft tissues such as the adrenal gland, a documented
site for human prostate cancer metastasis [44].
Second, if EMT acquired by prostate cancer cells
following cellular interaction with host bone or
adrenal gland occurs in patients, this could be a
potential target forprevention and treatment strategies.
Third, since the host microenvironment was shown to
promote EMT and prostate cancer progression, host-
stroma-directed targeting of prostate cancer such as by
the use of atrasentan [45], bisphosphonates [46],
growth factor receptor antagonists [47], antiangio-
genics [48], and radiopharmaceuticals [49], should be
further explored to improve the treatment of cancer
metastases.

CONCLUSIONS

Wedemonstrated that the host microenvironment is
a critical site for the transition of humanprostate cancer
cells from epithelial to mesenchymal morphology,
resulting in increased metastatic potential for bone
and adrenal gland. Clonal prostate cancer cells could
have different histomorphologies, gene expression
profiles, sensitivity toward cancer therapeutic drugs,
and variable behaviors in culture and in the host. We
found that clonal interaction, possibly mediated by
soluble factors secreted by prostate cancer cells, is
responsible for maintaining tumor cell heterogeneity.
Our study documented that EMT can be facilitated
through cellular interaction between human prostate
cancer cells and mouse skeleton or adrenal gland and
that EMT could be exploited as a potential target for the
prevention and treatment of human prostate cancer
metastases.

ACKNOWLEDGMENTS

We thank Yuanyuan Cui, Shari Kelly and Carol
Phillips for technical supports and Gary Mawyer for
editing. The study was supported by R01 CA082739 to
HYEZ; PC 040267 to VOM; and PO1 CA098912 and CA
108468 and PC040260 to LWKC.

The Prostate DOI 10.1002/pros

8 Xuet al.



REFERENCES

1. Bavik C, Coleman I, Dean JP, Knudsen B, Plymate S, Nelson PS.
The gene expression program of prostate fibroblast senescence
modulates neoplastic epithelial cell proliferation through para-
crine mechanisms. Cancer Res 2006;66(2):794–802.

2. Barrett JM, Mangold KA, Jilling T, Kaul KL. Bi-directional
interactions of prostate cancer cells and bone marrow endothe-
lial cells in three-dimensional culture. Prostate 2005;64(1):75–82.

3. Chung LW, BasemanA, Assikis V, ZhauHE.Molecular insights
into prostate cancer progression: The missing link of tumor
microenvironment. J Urol 2005;173(1):10–20.

4. Bova GS, Parmigiani G, Epstein JI, Wheeler T, Mucci NR, Rubin
MA. Web-based tissue microarray image data analysis: Initial
validation testing through prostate cancer Gleason grading.
Hum Pathol 2001;32(4):417–427.

5. DeMarzo AM, Nelson WG, Isaacs WB, Epstein JI. Pathological
andmolecular aspects of prostate cancer. Lancet 2003;361(9361):
955–964.

6. Carter HB, Piantadosi S, Isaacs JT. Clinical evidence for and
implications of the multistep development of prostate cancer.
J Urol 1990;143(4):742–746.

7. De S, Chen J, Narizhneva NV, Heston W, Brainard J, Sage EH,
Byzova TV. Molecular pathway for cancer metastasis to bone.
J Biol Chem 2003;278(40):39044–39050.

8. Kasper S, SheppardPC,YanY, PettigrewN,BorowskyAD,Prins
GS, Dodd JG, Duckworth ML, Matusik RJ. Development,
progression, and androgen-dependence of prostate tumors in
probasin-large T antigen transgenic mice: A model for prostate
cancer. Lab Invest 1998;78(6):i–xv.

9. Greenberg NM. Androgens and growth factors in prostate
cancer: A transgenic perspective. Prostate Cancer Prostatic Dis
2000;3(4):224–228.

10. Garabedian EM, Humphrey PA, Gordon JI. A transgenic mouse
model of metastatic prostate cancer originating from neuroen-
docrine cells. Proc Natl Acad Sci USA 1998;95(26):15382–15387.

11. Yonou H, Yokose T, Kamijo T, Kanomata N, Hasebe T, Nagai K,
Hatano T, Ogawa Y, Ochiai A. Establishment of a novel species-
and tissue-specificmetastasismodel of humanprostate cancer in
humanized non-obese diabetic/severe combined immunodefi-
cient mice engrafted with human adult lung and bone. Cancer
Res 2001;61(5):2177–2182.

12. Wang Y, Xue H, Cutz JC, Bayani J, Mawji NR, Chen WG, Goetz
LJ, Hayward SW, Sadar MD, Gilks CB, Gout PW, Squire JA,
Cunha GR, Wang YZ. An orthotopic metastatic prostate cancer
model in SCID mice via grafting of a transplantable human
prostate tumor line. Lab Invest 2005;85(11):1392–1404.

13. Nemeth JA, Harb JF, Barroso U Jr, He Z, Grignon DJ, Cher ML.
Severe combined immunodeficient-humodel of humanprostate
cancer metastasis to human bone. Cancer Res 1999;59(8):1987–
1993.

14. Navone NM, Olive M, Ozen M, Davis R, Troncoso P, Tu SM,
JohnstonD, PollackA, Pathak S, von EschenbachAC, Logothetis
CJ. Establishment of two human prostate cancer cell lines
derived from a single bonemetastasis. ClinCancer Res 1997;3(12
Pt 1):2493–2500.

15. Wu TT, Sikes RA, Cui Q, Thalmann GN, Kao C, Murphy CF,
Yang H, Zhau HE, Balian G, Chung LW. Establishing human
prostate cancer cell xenografts in bone: Induction of osteoblastic
reaction by prostate-specific antigen-producing tumors in
athymic and SCID/bg mice using LNCaP and lineage-derived
metastatic sublines. Int J Cancer 1998;77(6):887–894.

16. Zhau HY, Chang SM, Chen BQ, Wang Y, Zhang H, Kao C, Sang
QA, Pathak SJ, Chung LW. Androgen-repressed phenotype in
human prostate cancer. Proc Natl Acad Sci USA 1996;93(26):
15152–15157.

17. WainsteinMA,HeF,RobinsonD,KungHJ, SchwartzS,Giaconia
JM, Edgehouse NL, Pretlow TP, Bodner DR, Kursh ED.
CWR22: Androgen-dependent xenograft model derived from a
primary human prostatic carcinoma. Cancer Res 1994;54(23):
6049–6052.

18. Corey E, Quinn JE, Buhler KR, Nelson PS,Macoska JA, True LD,
Vessella RL. LuCaP 35: A new model of prostate cancer
progression to androgen independence. Prostate 2003;55(4):
239–246.

19. Carter BS, Beaty TH, Steinberg GD, Childs B, Walsh PC.
Mendelian inheritance of familial prostate cancer. Proc Natl
Acad Sci USA 1992;89(8):3367–3371.

20. Visakorpi T, Kallioniemi AH, Syvanen AC, Hyytinen ER, Karhu
R, Tammela T, Isola JJ, Kallioniemi OP. Genetic changes in
primary and recurrent prostate cancer by comparative genomic
hybridization. Cancer Res 1995;55(2):342–347.

21. Gronberg H, Damber L, Damber JE. Studies of genetic factors in
prostate cancer in a twin population. J Urol 1994;152(5 Pt 1):
1484–1487; discussion 1487–1489.

22. Sikes RA, Nicholson BE, Koeneman KS, Edlund NM, Bissonette
EA, Bradley MJ, Thalmann GN, Cecchini MG, Pienta KJ, Chung
LW. Cellular interactions in the tropism of prostate cancer to
bone. Int J Cancer 2004;110(4):497–503.

23. Huang H, Muddiman DC, Tindall DJ. Androgens negatively
regulate forkhead transcription factor FKHR (FOXO1) through a
proteolyticmechanism in prostate cancer cells. J Biol Chem2004;
279(14):13866–13877.

24. Wu YM, Robinson DR, Kung HJ. Signal pathways in up-
regulation of chemokines by tyrosine kinase MER/NYK in
prostate cancer cells. Cancer Res 2004;64(20):7311–7320.

25. Gleave M, Hsieh JT, Gao CA, von Eschenbach AC, Chung LW.
Acceleration of human prostate cancer growth in vivo by factors
produced by prostate and bone fibroblasts. Cancer Res 1991;
51(14):3753–3761.

26. ThalmannGN, Sikes RA,WuTT,DegeorgesA, Chang SM,Ozen
M, Pathak S, Chung LW. LNCaP progression model of human
prostate cancer: Androgen-independence and osseous metas-
tasis. Prostate 2000;44(2):91–103 Jul 101;144(102).

27. Hoosein NM, Logothetis CJ, Chung LW. Differential effects of
peptide hormones bombesin, vasoactive intestinal polypeptide
and somatostatin analog RC-160 on the invasive capacity
of human prostatic carcinoma cells. J Urol 1993;149(5):1209–
1213.

28. KariyaY,MiyazakiK. Thebasementmembraneprotein laminin-
5 acts as a soluble cell motility factor. Exp Cell Res 2004;297(2):
508–520.

29. Huber MA, Kraut N, Beug H. Molecular requirements for
epithelial-mesenchymal transition during tumor progression.
Curr Opin Cell Biol 2005;17(5):548–558.

30. Thiery JP. Epithelial-mesenchymal transitions in development
and pathologies. Curr Opin Cell Biol 2003;15(6):740–746.

31. Larue L, Bellacosa A. Epithelial-mesenchymal transition in
development and cancer: Role of phosphatidylinositol 30

kinase/AKT pathways. Oncogene 2005;24(50):7443–7454.

32. CattanN, RochetN,MazeauC, Zanghellini E,Mari B, ChauzyC,
Stora de Novion H, Amiel J, Lagrange JL, Rossi B, Gioanni J.
Establishment of two new human bladder carcinoma cell lines,
CAL 29 and CAL 185. Comparative study of cell scattering and

The Prostate DOI 10.1002/pros

Prostate CancerMetastasis and EMTModel 9



epithelial to mesenchyme transition induced by growth factors.
Br J Cancer 2001;85(9):1412–1417.

33. Nawshad A, Lagamba D, Polad A, Hay ED. Transforming
growth factor-beta signaling during epithelial-mesenchymal
transformation: Implications for embryogenesis and tumor
metastasis. Cells Tissues Organs 2005;179(1-2):11–23.

34. HanG, Lu SL, LiAG,HeW,CorlessCL,Kulesz-MartinM,Wang
XJ. Distinct mechanisms of TGF-beta1-mediated epithelial-to-
mesenchymal transition andmetastasis during skin carcinogen-
esis. J Clin Invest 2005;115(7):1714–1723.

35. Kang Y, Massague J. Epithelial-mesenchymal transitions: Twist
in development and metastasis. Cell 2004;118(3):277–279.

36. AggarwalBB.Nuclear factor-kappaB: The enemywithin.Cancer
Cell 2004;6(3):203–208.

37. Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent L,
Costa C, MacDonald DD, Jin DK, Shido K, Kerns SA, Zhu Z,
Hicklin D, Wu Y, Port JL, Altorki N, Port ER, Ruggero D,
Shmelkov SV, Jensen KK, Rafii S, Lyden D. VEGFR1-positive
haematopoietic bone marrow progenitors initiate the pre-
metastatic niche. Nature 2005;438(7069):820–827.

38. Reya T, Clevers H. Wnt signalling in stem cells and cancer.
Nature 2005;434(7035):843–850.

39. Thalmann GN, Anezinis PE, Chang SM, Zhau HE, Kim EE,
Hopwood VL, Pathak S, von Eschenbach AC, Chung LW.
Androgen-independent cancer progression and bonemetastasis
in the LNCaPmodel of human prostate cancer. Cancer Res 1994;
54(10):2577–2581.

40. Rhee HW, Zhau HE, Pathak S, Multani AS, Pennanen S,
Visakorpi T, Chung LW. Permanent phenotypic and genotypic
changes of prostate cancer cells cultured in a three-dimensional
rotating-wall vessel. InVitroCell DevBiol Anim2001;37(3):127–
140.

41. Sramkoski RM, Pretlow TG 2nd, Giaconia JM, Pretlow TP,
Schwartz S, SyMS, Marengo SR, Rhim JS, Zhang D, Jacobberger

JW. A new human prostate carcinoma cell line, 22Rv1. In Vitro
Cell Dev Biol Anim 1999;35(7):403–409.

42. Pettaway CA, Pathak S, Greene G, Ramirez E, Wilson MR,
Killion JJ, Fidler IJ. Selection of highly metastatic variants of
different human prostatic carcinomas using orthotopic implan-
tation in nude mice. Clin Cancer Res 1996;2(9):1627–1636.

43. KleinKA, Reiter RE, Redula J,MoradiH, ZhuXL, BrothmanAR,
Lamb DJ, Marcelli M, Belldegrun A, Witte ON, Sawyers CL.
Progression of metastatic human prostate cancer to androgen
independence in immunodeficient SCID mice. Nat Med 1997;
3(4):402–408.

44. Bates AW, Baithun SI. Secondary solid neoplasms of the
prostate: A clinico-pathological series of 51 cases. Virchows
Arch 2002;440(4):392–396.

45. Nelson JB, Nabulsi AA, Vogelzang NJ, Breul J, Zonnenberg BA,
Daliani DD, Schulman CC, Carducci MA. Suppression of
prostate cancer induced bone remodeling by the endothelin
receptor A antagonist atrasentan. J Urol 2003;169(3):1143–1149.

46. Smith MR. Zoledronic acid to prevent skeletal complications in
cancer: Corroborating the evidence. Cancer Treat Rev 2005;
31(Suppl 3):19–25.

47. Wu JD, Odman A, Higgins LM, Haugk K, Vessella R, Ludwig
DL, Plymate SR. In vivo effects of the human type I insulin-like
growth factor receptor antibody A12 on androgen-dependent
and androgen-independent xenograft human prostate tumors.
Clin Cancer Res 2005;11(8):3065–3074.

48. Longoria RL, Cox MC, Figg WD. Antiangiogenesis: A possible
treatment option for prostate cancer? Clin Genitourin Cancer
2005;4(3):197–202.

49. Tu SM, Millikan RE, Mengistu B, Delpassand ES, Amato RJ,
Pagliaro LC, Daliani D, Papandreou CN, Smith TL, Kim J,
PodoloffDA, Logothetis CJ. Bone-targeted therapy for advanced
androgen-independent carcinomaof theprostate:A randomised
phase II trial. Lancet 2001;357(9253):336–341.

The Prostate DOI 10.1002/pros

10 Xuet al.



135

From: Methods in Molecular Biology, vol. 374: Quantum Dots: Applications in Biology
Edited by: Charles Z. Hotz and Marcel Bruchez © Humana Press Inc., Totowa, NJ

Uncorrected Proof Copy

Job: Hotz and Bruchez Date: 03/07/06
Chapter: 12_Nie Revision: 1st Proof

12

Quantum Dots for In Vivo Molecular and Cellular
Imaging

Xiaohu Gao, Leland W. K. Chung, and Shuming Nie

Summary
Multifunctional nanoparticle probes based on semiconductor quantum dots (QDs) are

developed for simultaneous targeting and imaging of cancer cells in living animals. The
structural design involves encapsulating luminescent QDs with an ABC triblock copolymer,
and linking this polymer to tumor-targeting ligands, such as antibodies and drug-delivery
functionalities. In vivo targeting studies of human prostate cancer growing in nude mouse
show that the QD probes can be delivered to tumor sites by both enhanced permeation and
retention (passive targeting) and by antibody binding to cancer-specific cell surface bio-
markers such as prostate-specific membrane antigen (active targeting). Using both subcuta-
neous injection of QD-tagged cancer cells and the systemic injection of multifunctional QD
probes, multicolor fluorescence imaging of as few as 10–100 cancer cells can be achieved
under in vivo conditions. The use of spectrally resolved imaging can efficiently remove auto-
fluorescence background and precisely delineate weak spectral signatures in vivo. These
results suggest that QD probes and spectral imaging can be combined for multiplexed imag-
ing and detection of genes, proteins, and small-molecule drugs in single living cells, and
that this imaging modality can be adopted for real-time visualization of cancer cell meta-
stasis in live animals.

Key Words: Quantum dots; nanoparticles; in vivo; molecular; cellular; imaging; 
targeting; diagnosis; spectral; multiplexed; multifunctional; block copolymer.

1. Introduction
The development of high-sensitivity and high-specificity probes beyond the

intrinsic limitations of organic dyes and fluorescent proteins is of considerable
interest to many areas of research, ranging from molecular and cellular biology
to molecular imaging and medical diagnostics. Recent advances have shown
that nanometer-sized semiconductor particles can be covalently linked with
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biorecognition molecules such as peptides, antibodies, nucleic acids, and small-
molecule inhibitors for applications as fluorescent probes (1–13). In compari-
son with organic fluorophores, these quantum-confined particles or quantum
dots (QDs) exhibit unique optical and electronic properties, such as size- and
composition-tunable fluorescence emission from visible-to-infrared wavelengths,
extremely large absorption coefficients across a wide spectral range, and very
high levels of brightness and photostability (14,15). Despite their relatively
large sizes (2–8 nm), recent research has shown that bioconjugated QD probes
behave like genetically encoded fluorescent proteins (4–6 nm), and do not suf-
fer from serious kinetic binding or steric-hindrance problems (6–13). In this
“mesoscopic” size range, QDs also have more surface areas and functionalities
that can be used for linking to multiple diagnostic (e.g., radioisotopic or mag-
netic) and therapeutic (e.g., anticancer) agents. These properties have opened
new possibilities for ultrasensitive bioassays and diagnostics, as well as for
advanced molecular and cellular imaging.

Here, we report detailed protocols of preparing bioconjugated QD probes for
simultaneous targeting and imaging of human prostate cancer cells in a murine
model. Key steps involves high-quality QD preparation, surface coating with
amphiphilic triblock copolymer for in vivo protection, bioconjugation of multi-
ple polyethylene glycols (PEGs) and targeting ligands for tumor antigen recog-
nition, and in vivo fluorescence imaging. To enhance the detection sensitivity,
we further discuss the use of hyperspectral imaging configuration to separate
QD fluorescence from strong background (mouse skin autofluorescence).

2. Materials
1. 90% Technical grade trioctylphosphine oxide (TOPO) (Aldrich).
2. 99% Pure trioctylphosphine (Aldrich).
3. Cadmium oxide (CdO 99.99%) (Aldrich).
4. Selenium (>99%) (Riedel-de Haën).
5. 99% Stearic acid (Sigma).
6. Hexamethlydisilathiane (Fluka).
7. Dimethylzinc (10% wt in hexane, store and use in inert atmosphere) (Strem).
8. 98% Hexadecylamine (Aldrich).
9. Poly(t-butyl acrylate-co-ethyl acrylate-co-methacrylic acid) (PBEM, mw. 100K)

(Aldrich).
10. 99% Octylamine (Fluka).
11. N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDAC) (Fluka).
12. PEG (mw. 2-5K) (Nektar and Sunbio).
13. 98% 2,2′-(Ethylenedioxy)diethylamine (Aldrich).
14. Antibody J591 against prostate-specific membrane antigen (PSMA) (Millennium

Pharmaceuticals).
15. Separation media, Sephadex G-25, Superdex 75, and Superdex 200 (Amersham).
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16. Ketamine and Xylazine (Prescription drugs from local hospital).
17. Ultracentrifuge, Optima TLX (Beckman Coulter).
18. 1-cc Insulin syringe (29X1/2 gauge) for intravenous injection (VWR).
19. 6–8-wk nude mice (Charles River).
20. Specialized imaging equipment is discussed in the main text.

3. Methods
3.1. Preparation of Highly Fluorescent QDs

High-quality red-color QDs are prepared according to literature procedures
with modifications (16–20). The 0.128 g CdO (1 mmol) precursor is first dis-
solved in 1 g stearic acid with heating in a three-neck round-bottom flask. After
formation of a clear solution, TOPO (5 g) and hexadecylamine (5 g) are added
as reaction solvents, which are then heated to 250°C under argon for 10 min.
The temperature is briefly raised to 360°C, and equal molar selenium dis-
solved in trioctylphosphine is quickly injected into the hot solvents. The mix-
ture immediately changes color to orange-red, indicating QD formation. The
dots are kept in the reaction solvents at 200°C for 30 min, and capping solu-
tion of dimethylzinc (0.5 mmol) and hexamethyldisilathiane (0.5 mmol) is
slowly added over a period of 15 min to protect the CdSe core. These ZnS-
capped CdSe dots have excellent chemical- and photostability. The dots are
cooled to room temperature, and are rinsed repeatedly with methanol/hexane
to remove free ligands. Ultraviolet adsorption, fluorescence emission spectra,
and transmission electron microscopy are used for characterization. This pro-
cedure typically produces QDs with emission peak centered at 630–640 nm,
close to the upper wavelength limit of high-quality CdSe dots. However, the
deep-red color is not optimized for tissue penetration and imaging sensitivity
in animals. Deep tissue imaging (millimeters to centimeters) requires the use
of near-infrared light in the spectral range of 700 to 900 nm (21), (see Note 1).
Nevertheless, the imaging concept and probe preparation techniques are essen-
tially the same.

3.2. Nanoparticle Surface Modification and Bioconjugation

3.2.1. Polymer Modification

For encapsulating QDs, about 25% of the free carboxylic acid groups in PBEM
triblock copolymer are derivatized with octylamine, a hydrophobic side chain
(see Note 2). Thus, the original polymer (0.1 g) dissolved in 4 mL dimethyl-
formamide is reacted with n-octylamine (5.2 mg) using ethyl-3-dimethyl amino
propyl carbodiimide (EDAC, 23 mg, threefold excess of n-octylamine), as a cross-
linking reagent. The product yields are generally greater than 90% because of the
high EDAC-coupling efficiency in dimethylformamide (determined by a change of
the free octylamine band in thin-layer chromatography). The reaction mixture is
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dried with a rotary evaporator (Rotavapor R-3000, Buchi Analytical Inc., DE).
The resulting oily liquid is precipitated and rinsed five times with water to
remove excess EDAC and other water-soluble byproducts. After vacuum-
drying, the octylamine-grafted polymer is stored or resuspended in an
ethanol/chloroform mixture for use.

3.2.2. Particle Encapsulation

TOPO-capped purified QDs (0.1 nmol) are mixed with the polymer (see
below) in a chloroform/ethanol solvent mixture (3:1 [v/v]). The nanoparticle sus-
pension is then placed in vacuum and slowly dried over a time course of 2–6 h
for particle–polymer self-assembly. The polymer-to-QD molar ratio is set at
5–20 depending on the particle sizes (for the red QDs used here, the ratio is set
at 20), and the polymers in excess are removed later. After vacuum-drying, the
encapsulated dots are soluble in many polar solvents, such as aqueous buffer
(pH >9.0) and alcohols. The nanoparticle–polymer hybrids are kept in aqueous
solution for 3 d and then purified from unbound polymers by gel filtration
(Superdex 200) (sample loading volume <5% of the column volume). Alterna-
tively, ultracentrifuge and ultrafiltration work equally well. Dynamic light scat-
tering measurements show a particle size around 10 nm (number weighted),
which is much smaller than nanoparticles coated with the original unmodified
PBEM polymer (40 nm). This comparison indicates the formation of a tight
polymer wrapping layer on QD surface.

3.2.3. Long-Circulating PEG-Modified QD

Polymer-coated QDs are activated with 50 mM EDAC in phosphate-buffered
saline (PBS) and reacted with amino-mPEG (mw 5000) at a QD/PEG molar ratio
of 1:50 overnight at pH 8.5 (pH adjusted by NaOH). The QDs saturated with PEG
chains can be purified by three methods, column filtration (Superdex 75), dialy-
sis (mwco >3X of the mw of PEG), or ultracentrifugation at 75,000g for 
60 min. After resuspension in PBS buffer (pH 7.4), trace amount of aggregated
particles were removed by centrifugation at 6000g for 10 min. The resulted
QDs not only have a long plasma circulation time but are also highly stable in
a broad range of aqueous conditions (e.g., pH 1.0 to 14.0 and salt concentration
0.01 to 1 M).

3.2.4. QD–Antibody Probe

We have developed two coupling procedures based on carbodiimide-
mediated amide formation and amine-sulfhydryl crosslinking (22). For carbo-
diimide reactions, the polymer-coated dots (COOH functional groups) are
activated with 1 mM EDAC for 10 min and then mixed with amino-mPEG at a
QD/PEG ratio of 1:6. After a quick purification with polyacrylamide-desalting
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columns (Pierce), the activated dots are reacted with an IgG antibody at a
QD/antibody molar ratio of 1:15 for 2 h. The final QD bioconjugates are puri-
fied by filtration column chromatography (Amersham). After dilution in PBS
buffer, aggregated particles are removed by centrifugation at 6000g for 10 min,
and the QD–antibody bioconjugates are kept at 4°C. This procedure is easy to
perform and broadly applicable for many native proteins, such as IgG, strepta-
vidin, lectins, peptides, and so on because the availability of amine groups
(Note 3). On the other hand, however, the abundant reactive groups could cause
aggregation and render biomolecules randomly oriented on the QD surface,
which is detrimental to antibody activities. The second procedure using active
ester–maleimide crosslinker solves the probe-orientation problem but involves
pretreatments of nanoparticles and antibodies. In this approach, polymer-coated
nanoparticles are first reacted with 2,2′-(ethylenedioxy) diethylamine to add a
small number of amino groups and is purified with a G25 desalting column. In
the mean time, purified IgG molecules are reduced by dithiothreitol to cleave
the disulfide bonds in the hinge region. Similar and very detailed procedures are
available at Quantum Dot Corporation’s website. It has been our experiences
that this antibody fragment conjugation leads to less aggregation and bioactiv-
ity retardation. Although the binding affinity of each antibody fragment to its
target molecules decreases, it could be compensated by a multivalence effect
(multiple fragments per QD because of its large surface area), and this matter
deserves careful examination. For some applications where the whole antibody
is critical for specific molecular recognition, we are developing a new conjuga-
tion chemistry based on hydrazide coupling, which not only allows the use of
whole IgG, but also controls the IgG orientation. Preliminary studies have
shown improved results in multicolor molecular mapping of formalin-fixed,
paraffin-embedded tissue specimens.

3.3. In Vitro Cellular Imaging and Spectroscopy

PSMA-positive C4-2 cells and PSMA-negative PC-3 cells are cultured 2–3 d
on chamber slides. For live cell staining, no blocking step is needed. QD–PSMA
or QD–PEG bioconjugates are diluted to 50 nM in PBS or Hank’s balanced
buffers, and incubated (100 μL) with the cultured cells for 1 h at 4°C. The stained
cells are then gently washed with PBS for three times and photographed on an
inverted fluorescence microscope (Olympus, IX-70) equipped with a digital color
camera (Nikon D1), a broad-band blue light source (480/40 nm, 100-W mercury
lamp), and a long-pass interference filter (DM 510, Chroma Tech, Brattleboro,
VT). Single cell fluorescence intensity is quantified with flow cytometer (FACS)
or wavelength-resolved, single-stage spectrometer (SpectraPro 150, Roper
Scientific, Trenton, NJ; detailed instrument setup is described in an early volume
of this book series) (23).
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3.4. In Vivo Animal Imaging

3.4.1. Animal Preparation and Processing

All the protocols described next have been examined and approved by the
Institutional Animal Care and Use Committee of Emory University. C4-2
prostate tumor cells are cultured 2–3 d and injected into 6–8 wk nude mice sub-
cutaneously (106 cells/injection site). Tumor growth should be monitored daily
until it reaches the desired sizes using caliper measurements. (For C4-2 cell
line, spontaneous tumor growth varies among different animals. Therefore,
each mouse is implanted with tumor cells at multiple sites.) The mice are
divided into three groups for passive, active targeting, and control studies. They
are then placed under anesthesia by injection of a ketamine and xylazine mix-
ture intraperitioneally at a dosage of 95 mg/kg and 5 mg/kg, respectively. QD
bioconjugates are injected through the tail vein at 0.4 nmol per mouse for active
targeting, or 6.0 nmol for passive targeting and control experiment using
29X1/2-gage insulin syringes. After imaging studies, the mice are sacrificed by
CO2 overdose. Tumor and major organs (brain, heart, kidney, liver, lung, mus-
cle, and spleen) were removed and frozen for histology examination. Tissue
collections were cryosectioned into 5- to 10-μm thickness sections, fixed with
acetone at 0°C, and imaged on the inverted fluorescence microscope.

3.4.2. Tumor Imaging Strategies

Bioconjugated QDs are delivered to the tumor sites by both passive and
active tumor-targeting mechanisms (Fig. 1) (24). In the passive mode, PEG-
coated long-circulating QDs are accumulated preferentially at tumor sites
through an enhanced permeability and retention effect; whereas in the active
mode, QDs linked with targeting molecules such as antibody, peptide, antago-
nist, and so on quickly mark tumors through molecular recognition (in this
report, QD-PSMA bioconjugate specifically bind to prostate tumors). It is
worth mentioning that dextran is another attractive cloaking molecular for
enhancement of nanoparticle biocompatibility and plasma circulation time.

3.4.3. Fluorescence Imaging

In vivo fluorescence imaging is performed by using a macro-illumination
system (Lightools Research, Encinitas, CA), designed specifically for small
animal studies. As shown in Fig. 2, in a dark box illumination is provided by
fiberoptic lighting (lamp house outside the dark box). For true-color fluores-
cence imaging, a long-pass dielectric filter (Chroma Technology) is used to
reject scattered excitation light and to pass Stokes-shifted QD fluorescence. The
fluorescence image is captured by a color charge-coupled device (Optronics,
Magnafire SP, Olympus, America) and can be monitored on a computer screen
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Fig. 1. In vivo tumor-targeting strategies. Passive tumor targeting based on perme-
ation and retention of long-circulating quantum dot (QD) probes via leaky tumor vas-
culatures (left panel), and active tumor targeting based on high binding affinity of
QD–antibody conjugates to tumor antigens (right panel).

Fig. 2. Schematic illustration of in vivo optical imaging instrumentation. Tumor-
bearing mice are administered with quantum dot bioconjugates intravenously and
placed under anesthesia. In a dark box, illumination is provided by fiber-optic lighting.
A long- pass filter is used to block the scattered lights, and a computer-controlled 
liquid crystal tunable filter is exploited for multispectral imaging.
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in real time. For wavelength-resolved hyper spectral imaging, a cooled, scientific-
grade monochrome charge-coupled device camera is used together with a spec-
tral imaging optical head (with a built-in liquid crystal tunable filter scanning
from 400 to 720 nm, CRI, Inc., Woburn, MA). Because the red QDs used in this
work has an emission wavelength centered at 640 nm, the tunable filter is set to
automatically step in 10-nm increments from 580 to 700 nm (see Note 4). The
camera capture images at each wavelength with constant exposure, resulting in
13 TIFF images loaded into a single data structure. Based on the fluorescence
spectra of pure QDs and autofluorescence, the spectral-imaging software can
quickly analyze the spectral components for each pixel via a process known as
“principle component analysis” (25). The whole process takes less than 1 s and
can be output into separate fluorescence channels or overlaid images, as shown
in Fig. 3. It should be pointed out that the autofluorescence and QD spectra
need only be recorded initially, as they can be saved in spectral libraries and
reused on additional spectral unmixing.

4. Notes
1. This wavelength range provides a “clear” window for in vivo optical imaging

because it is separated from the major absorption peaks of blood and water.
Toward this goal, recent research has prepared alloyed semiconductor QD consist-
ing of cadmium selenium telluride, with tunable fluorescence emission up to 
850 nm (26). Technical optimization of this new material together with core-shell
CdTe/CdSe type-II QDs (27) are still needed to improve the stability and quantum
efficiency. A number of promising approaches have been recently discovered. For
example, Peng et al. have reported the use of successive ion layer adsorption and
reaction method (originally developed for thin film deposition on solid substrates)
to precisely control nanoparticle growth one layer at a time (28); while Han and
coworkers improved the ternary QD (three-component) synthesis by alloying the
third component into preformed binary QDs (29). Together with other possibili-
ties, high-quality NIR QDs should be available very soon and bring major
improvements in tissue penetration depth and cell detection sensitivity. It is worth
mentioning that in vivo detection sensitivity can be further enhanced by fluo-
rescence tomography imaging based on multiple light sources and detectors (30).

2. Unmodified block copolymer can also solubilize QDs into aqueous solution, but
can result in a relatively thick surface-coating layer, similar to PEG–lipid micelles
(6). This is because the hydrophilic methacrylic acid block doesn’t have enough
affinity to the particle surface and dangles in solution, which is supported by
dynamic light-scattering measurements.

3. For in vivo targeting and imaging, it is advantageous to use short peptides with high
binding affinity and specificity than antibodies, because of their smaller size, less
immune response, lower cost, and easiness in bioconjugation. Furthermore, auto-
mated peptide synthesis and recent advance in phage display (31) technique enable
researchers to screen and engineer peptide sequences at a relatively high throughput.
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4. For complicated spectral deconvolution (e.g., more spectral components, similar
spectra among different components, irregular spectra such as spikes, and so on),
the tunable liquid crystal filter should be set to step in smaller wavelength incre-
ments, such as 1 or 5 nm. As a tradeoff of the high unmixing resolution, the imag-
ing and computing time also increase.
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Fig. 3. Spectral imaging of quantum dot (QD)–prostate-specific membrane antigen
antibody conjugates in live mice harboring C4-2 tumor xenografts. Panels 1–13, experi-
mental raw data of an image stack from 580 to 700 nm. Please note the fluorescence
intensity increase at the tumor site (white circle) from wavelength 630–650 nm, because
of accumulation of red-color QDs (emission peak at 640 nm). Panels 14–16, spectrally
deconvoluted images (in red square). Based on spectral distinction between mouse skin
and QD emissions, fluorescent images can be output into autofluorescence and QD
channels separately, or as an overlaid picture.
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Bioconjugated quantum dots (QDs) provide a new class of biological labels for evaluating biomolecular signatures (biomarkers) on

intact cells and tissue specimens. In particular, the use of multicolor QD probes in immunohistochemistry is considered one of the

most important and clinically relevant applications. At present, however, clinical applications of QD-based immunohistochemistry

have achieved only limited success. A major bottleneck is the lack of robust protocols to define the key parameters and steps. Here,

we describe our recent experience, preliminary results and detailed protocols for QD–antibody conjugation, tissue specimen

preparation, multicolor QD staining, image processing and biomarker quantification. The results demonstrate that bioconjugated QDs

can be used for multiplexed profiling of molecular biomarkers, and ultimately for correlation with disease progression and response

to therapy. In general, QD bioconjugation is completed within 1 day, and multiplexed molecular profiling takes 1–3 days depending

on the number of biomarkers and QD probes used.

INTRODUCTION
QDs are tiny light-emitting particles on the nanometer scale, and
are emerging as a new class of fluorescent labels for biology and
medicine1–11. In comparison with organic dyes and fluorescent
proteins, QDs have unique optical and electronic properties such as
size-tunable light emission, superior signal brightness, resistance to
photobleaching and simultaneous excitation of multiple fluores-
cence colors. These properties are most promising for improving
the sensitivity and multiplexing capabilities of molecular histo-
pathology and disease diagnosis. Recent advances have led to highly
bright and stable QD probes that are well suited for profiling
genetic and protein biomarkers in intact cells and clinical tissue
specimens12–14. In contrast to in vivo imaging applications where
the potential toxicity of cadmium-containing QDs is a major
concern, immunohistological staining is performed on in vitro or
ex vivo clinical patient samples. As a result, the use of multicolor
QD probes in immunohistochemistry (IHC) is likely one of
the most important and clinically relevant applications in the
near term.

In recent years, several groups have used QD probes for fluor-
escence immunostaining of fixed cells and tissue specimens15–21.
However, medical applications of QD-based immunohisto-
chemistry have not achieved widespread adaptation or significant
clinical success. A major problem is the lack of robust protocols
and experimental procedures to define the key factors and steps
involved in QD immunohistochemical staining and data analysis.
In particular, there are no consensuses on methods for QD–
antibody (QD–Ab) bioconjugation, tissue specimen prepa-
ration, multicolor QD staining, image processing and data
quantification. Faced with these needs, we have developed anti-
body-conjugated QDs for multiplexed and quantitative (or semi-
quantitative) IHC, and have achieved five-color molecular profiling
on formalin-fixed and paraffin-embedded (FFPE) clinical tissue

specimens. We have also optimized the experimental proce-
dures for QD bioconjugation, tissue specimen preparation, multi-
color staining, image processing and analysis, and biomarker
quantification6,12–14.

In this paper, we describe our recent experience, preliminary
results and detailed experimental procedures. We also discuss
the development of QD–Ab conjugates for quantitative and
multiplexed IHC, an important but challenging goal that has not
been achieved for diagnostic pathology. In contrast to standard
hematoxylin and eosin tissue staining, multicolor QD staining
allows the use of one antibody-QD conjugate to target a house-
keeping gene product, thus providing an internal standard for
signal calibration and quantification. This ‘‘ratiometric’’ staining
approach to IHC can overcome many problems encountered
with traditional methods22. In addition to clinical pathology,
we envision that sensitive QD-based immunoassays represent a
new direction for multiplexed detection of category A bioterrorism
agents such as anthrax, plaque, botulism and viral hemorrhagic
fevers23.

The procedure
A flowchart of the procedure with timing information is shown
in Figure 1. Detailed protocols for QD–Ab conjugation (part 1)
and for QD staining of cellular or tissue specimens (part 2) are
given in the PROCEDURE section, followed by a discussion
of imaging data acquisition, processing and analysis (part 3).
A software tool for quantitative IHC (called Q-IHC) is given in
Box 1 and Figure 2. In addition, excellent protocols have been
published for QD conjugation to luciferase (self-illuminating
QDs)24, QD–protein conjugation via dihydrolipoic acid and non-
covalent self-assembly25, and using bioconjugated QDs for tracking
the motion of membrane molecules26.
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QD bioconjugation
As schematically illustrated in Figure 3, QD conjugation to
biomolecules can be carried out by electrostatic binding, nonco-
valent biotin–avidin binding, direct covalent crosslinking and
nickel-based histidine tagging. Mattoussi and co-workers25,27

were the first to use an adaptor or fusion protein for IgG antibody
coupling based on electrostatic interactions. The adaptor protein
has a positively charged leucine zipper domain for electrostatic
binding to QDs and a protein G domain for binding to the
antibody Fc region. Using such a ‘‘bifunctional’’ adaptor, the Fc
end of the antibody is connected to the QD surface, with the target-
specific F(ab¢)2 domains facing outward. For histidine-tagged
peptides or antibodies, it is also possible to use the nickelnitrilo-
triacetic acid complex (Ni-NTA) as a bifunctional adaptor for QD
bioconjugation. In this case, the nitriloacetic acid group is cova-
lently linked to the QD encapsulation polymer whereas histidine-
tagged antibodies bind to nickel ions (Ni2+) by chelation. In
comparison with biotin–avidin binding, this ‘‘his-tag’’ method
has several advantages such as a controlled orientation of the
binding ligand (a histidine tag can be conveniently fused to proteins
and peptides at a particular site), compact overall probe sizes and
low production costs. Although the stability of the histidine–nickel
attachment could be a problem under the harsh conditions of
immunohistochemical staining, previous research has shown that
the interaction of 6� His with Ni-NTA is virtually unaffected by
high salt (up to 1 M), nonionic detergents (Triton X-100 or Tween
20 up to 1%, w/w), organic solvents, ethanol or glycerol to 30%,
reducing agents (b-mercaptoethanol up to 10 mM) (see ref. 28) or
highly denaturing conditions such as 8 M urea or 6 M guanidine
hydrochloride29. Based on the 6-histidine epitope, we have not
encountered major stability problems for the bioconjugated QDs
in PBS buffer at room temperature (RT) for a period of 2–3 weeks
at 4 1C.

Covalent QD conjugation is most commonly based on cross-
linking reactions between amine and carboxylic acid groups (cat-
alyzed by carbodiimide) (Step 1C), between amine and sulfhydryl
groups (catalyzed by maleimide) (Step 1A) or between aldehyde
and hydrazide functions. An advantage of the amine–carboxylic
acid crosslinking method is that most proteins contain primary
amine and carboxylic acid groups, and do not need chemical
modifications before QD conjugation. In contrast, free and acces-
sible sulfhydryl groups are rare in native biomolecules and are often
unstable in the presence of oxygen. Another method for covalent
conjugation involves oxidizing carbohydrate groups on the anti-
body’s Fc portion to reactive aldehyde groups, which are then
covalently linked to QDs (Step 1B). Because the carbohydrate’s
position is known on the antibody, this approach allows site-
specific QD conjugation at relatively simple QD–Ab ratios. The
properties and performance of these various QD–Ab conjugates are
summarized in Table 1. In this contribution, we present four
different, detailed methods for preparing QD–Ab conjugates for
cell and tissue staining.

Preparation of cell and tissue specimens
To optimize the procedures for specimen preparation, we have
studied and compared fresh cells, frozen cells (stored at �80 1C),
fixed cell pellets, as well as archived patient specimens (FFPE
samples). Cells collected fresh from subculture are relatively easy
to be stained and often show the best morphologies. For optimal

cell membrane and cytoplasmic staining, however, the fresh cells
often need to be fixed and permeabilized. Nuclear staining requires
an additional proteinase K treatment step. For frozen cell specimens
that are fixed with acetone/methanol before cryo-storage, no
permeabilization is needed. For paraffin-embedded tissue speci-
mens, we recommend an antigen retrieval step, as is commonly
used in IHC30. This step is not always necessary, but antigen
retrieval permits stronger staining signals. Typical antigen retrieval
methods include heating, protease digestion and treatment under
strong acidic conditions30. Selection of an antigen retrieval method
depends much on the specific primary antibody to be used. We
recommend the use of a pressurized cooker for heating (5 min
at 120 1C) in citrate (pH 6.0) or EDTA (pH 8.0) buffer. Heating in
EDTA buffer often leads to brighter staining signals, and is more
suitable for low-abundance antigens or antigens with inaccessible
epitopes. However, the pH of the buffers and the heating conditions
could be too harsh for some tissue slides and could cause tissues to
peel off. For best results, paraffin-mounted tissue specimens should
be placed on coated slides (superfrost, positively charged) and
baked to adhere firmly to the specimens, before subjecting to
further steps of the described protocols. We present detailed
procedures for QD staining of three types of samples: cells fresh
from subculture (Step 2A), frozen cells samples (Step 2B) and FFPE
cell/tissue specimens (Step 2C). Each sample type requires a
different pretreatment method before QD staining.

Multicolor QD staining
Depending on the types of QD bioconjugates and the primary
antibodies used, multiplexed labeling of cells/tissue specimens can
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Part I QD–antibody bioconjugation (a few hours to a couple of days depending on  
the method chosen)

1. Pretreatment of QDs and the antibody ~30 min to a couple of days  
    depending on the method chosen

2. QD–antibody conjugation ~1–4 h depending upon the method chosen. 

3. Purification of QD–antibody conjugate from free excess antibody via size  
    exclusion column ~30 min.  

Part II Multiplexed QD staining of cellular or tissues specimens (a few hours to a few  
days depending on the number of biomarkers studied and method chosen)  

1. Sample preparation: fixation and permeabilization for fresh cells on  
    chamber slides (~30 min); deparaffinization (~30 min) and antigen retrieval 
    (~45 min) for FFPE samples (cell pellets or clinical tissue specimens)    

2. Blocking ~30 min 

3. Primary antibody incubation ~1 h at RT or overnight at 4 °C (for primary  
    antibodies only) OR ~2– 4 h at RT if using QD–primary antibody conjugates 
    (go to Step 5 directly after this)  

4. Secondary antibody incubation ~2 h at RT or overnight at 4 °C
    (if using QD-secondary antibody conjugates) 

5. Repeat Steps 2– 4 if two antibodies are of the same animal origin and  
    QD-secondary antibody conjugates are used  

6. Nuclear counterstaining ~5 min 

7. Mount and coverslip ~5 min 

Imaging and spectral analysis (a few hours to a day depending on the number
of samples imaged and number of images/spectra captured)

Part III

Figure 1 | Flowchart and timing for QD conjugation and immunohisto-

chemical staining of cells and tissue specimens.
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be achieved by either direct or indirect staining procedures. For
direct staining, each primary antibody is conjugated to a QD of
a different color, and a mixture of several different QD–Ab
conjugates is applied to the tissue specimen in a single step
(Step 3B). Although this method is fast and efficient, some
primary antibodies may not survive the QD conjugation process
and their binding properties are likely altered by covalent modi-
fications at either -NH2 or -COOH sites. Also, QD conjugation
to primary antibodies does not work well when the original
antibody buffer contains bovine serum albumin (BSA) or other
culture medium proteins. Further, the reagents costs could become
considerably high because each primary antibody is conjugated
to just one type of QD, and none of the QD bioconjugates could

be used as a common reagent for staining of antigen or antibody
classes.

These problems can be addressed by indirect QD staining, in
which QD–secondary antibody conjugates are used to recognize
primary antibodies (unlabeled) (Step 3A). The main advantages
of this method are its flexibility, lower costs and the reduced
constraint on primary antibodies. A typical multicolor labeling
procedure would involve the following steps: blocking - 1st set
of primary antibodies (each raised from a different animal
species) - 1st QD–secondary antibody conjugates (each against
a different animal species) - blocking - 2nd set of primary
antibodies - 2nd set of secondary antibodies - so on. Despite
these multiple blocking/staining/washing steps, we have achieved
excellent results for five-color molecular profiling of cancer
cells and tissue specimens (see below). It should be emphasized
that careful control studies must be planned and included for
data validation and interpretation. For QD–primary antibody
conjugates, a negative control experiment is to saturate the antigens
with isotype- and species-matched immunoglobulin molecules
before QD staining. Additional controls should include the use
of free QDs or BSA-QD conjugates to evaluate nonspecific
binding and staining. For QD–secondary antibody conjugates,
one key control is to determine the level of nonspecific binding
when the primary antibody is purposely omitted from the staining
protocols. For multiplexing purposes (Step 3C), QD–primary
antibody conjugates will be the best choice. However, some anti-
bodies may not be suitable for chemical modification. In these
cases, QD–secondary antibody conjugates can be used instead. In
the following, we present detailed procedures for both types of
conjugates.

Imaging data acquisition, processing, and analysis
In our laboratory, true-color fluorescence images are obtained by
using an Olympus IX70 epifluorescence microscope equipped with
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BOX 1 | Q-IHC - A SOFTWARE TOOL FOR QUANTITATIVE ANALYSIS OF
IMMUNOHISTOCHEMICAL DATA

We have developed an integrated image processing and bioinformatics software tool (called Q-IHC) for quantitative analysis of
biomarker expression and distribution in immunohistochemical (IHC) images (see Figure 2). In comparison to previous image
processing software for automated feature extraction and quantitative analysis50,51, our software system is capable of handling imaging
data from both traditional and QD-based IHC. To measure the distribution of labeled antigens, multiple slides of IHC imaging data are
acquired to capture selected tissue structures. After image acquisition, an image processing module carries out automatic boundary
identification, semi-automatic image segmentation, and color-based tissue classification based on biomarker staining. Then, an image
analysis module quantifies the various biomarker features into numerical values. These values become distinct features and are used
for comparison with clinical diagnosis. After validation by a physician, the quantitative data and rules describing biomarker features
are stored in a database. This semi-automatic image processing and quantification system is designed to provide molecular profiling
data that are more objective, more consistent, and more reproducible than completely manual or automated quantification methods.
Our software tools process image files from slide scanners in Matlab, which is a collection of various engineering processing
tools. We have designed a user-friendly graphical user interface that allows users to give input and feedback to improve the
system quality.

The Q-IHC tool is available to academic and nonprofit research institutions from the Emory-Georgia Tech Center of Cancer Nanotechnology
Excellence, funded by the National Cancer Institute (NCI), the Georgia Cancer Coalition (GCC), the Georgia Research Alliance (GRA), Emory
University, and Georgia Institute of Technology. For further information on software download and deployment, go to: http://www.bio-miblab.org.
Correspondence and requests concerning image analysis and biocomputing should be addressed to Dr. May D. Wang, Department of Biomedical
Engineering, Georgia Tech and Emory University, 313 Ferst Drive, UA Whitaker Building 4106, Atlanta, Georgia 30332, USA, email address:
maywang@bme.gatech.edu.

Data acquisition Image processing

Clinician
Molecular
profiling

Database

Quantification

Figure 2 | Block diagram of Q-IHC, an integrated software system for image

processing and biomarker quantification of immunohistochemical data.
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a long-pass filter, a mercury lamp, and a
digital color CCD camera. Fluorescence
spectroscopy is carried out by attaching a
spectrometer to the microscope side port.
By using objectives with different magnifi-
cations (zooming in and out), this micro-
spectroscopic system allows one to acquire
wavelength-resolved spectra from an indi-
vidual cell as well as from a cluster of cells.
At high magnifications (e.g., 100�), the
spectra provide information on individual
cells, while at low magnifications (2�,
10�), the spectra provide averaged signals
for 10–100 cells. For data calibration, we
calculate the average signal intensities (e.g.,
40�103 arbitrary fluorescence units) for cell
lines with over-expressed antigens (e.g.,
breast cancer cells with over-expressed
Her2). Then we set this value as 100% and
calculate the signal intensities of other cell
lines as a percentage from this maximum.
For clinical tissue specimens, we similarly
measure the fluorescence intensity from a
series of samples with the highest Her2
expression. This intensity is set as 100%
and is used for further calculations. To
ensure statistical validity, multiple spectra
(30–50) of representative regions are taken
and are averaged in the analysis.

Image segmentation. For segmentation of
cell and tissue images, we have developed
level-set algorithms using partial differential
equations (PDEs) for identification of
cellular regions versus non-cellular regions.
The algorithms are independent of the
initial conditions, and can automatically
select the cell-region boundaries. For iden-
tification of special tissue structures, such as
a prostate gland, we have developed a semi-
automatic method that provides more user
control for monitoring segmentation accu-
racy and sensitivity. Specifically, we devel-
oped a custom Graphics User Interface
(GUI) based on the intelligent scissor (IS)
algorithm31,32. This graphics interface
allows the user to control the quantification
process because the user often has a priori knowledge of staining
color and biomarker locations (i.e., cell nucleus, cell membrane,
cytoplasm, or the extracellular matrix). The user can start the
segmentation process by moving the mouse cursor to a ‘‘region of
interest’’ (ROI) such as an isolated cancer cell or a prostate gland,
and then mark this region with a few ‘‘seed’’ points (user-selected
points to delineate cell or gland boundaries). Then, the image
processing system interactively computes multiple paths from the
user-selected points to other neighboring points in the image, and
extracts features such as edges (discontinuity in color or intensity)
or areas (regions sharing similar textures). The one path that
provides the optimal feature extraction is the solution. As one

example, Figure 4 shows traditional IHC images of prostate tissue
specimens in which features are extracted from the edges separating
the pocket-shaped gland structure from other areas. The user can
pick a starting ‘‘seed’’ by moving the mouse cursor to the top of one
gland. As the mouse is placed by the user along one side of the
gland, the image processing system will compute the connection
from the ‘‘seed’’ point to all neighboring points. Multiple connect-
ing paths will be generated, with the optimal path being labeled or
highlighted in green color. This calculation occurs interactively in
real time.

High computing efficiencies are achieved by using the optimal
spanning tree based on Dijkstra’s graph searching algorithm33. This
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Figure 3 | Schematic diagrams showing various methods for QD-antibody (QD-Ab) bioconjugation. (a) QD

conjugation to antibody fragments via disulphide reduction and sulfhydryl-amine coupling; (b) covalent

coupling between carboxylic acid (-COOH) coated QDs and primary amines (-NH2) on intact antibodies

using EDAC as a catalyst; (c) site-directed conjugation via oxidized carbohydrate groups on the antibody

Fc portion and covalent reactions with hydrazide-modified QDs; (d) conjugation of histidine-tagged

peptides or antibodies to Ni-NTA modified QDs; and (e) noncovalent conjugation of streptavidin-coated

QDs to biotinylated antibodies.
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search algorithm treats the image as a weighted graph. Each pixel
represents a node with directed and weighted edges that connect
with its eight adjacent neighbors. As the mouse cursor moves, the
optimal path from the pointer position to the seed point is
displayed. This path allows the user to select an optimal contour
segment that visually corresponds to a portion of the desired object
boundary. As the mouse cursor moves, the optimal path from the

pointer position to the ‘‘seed’’ point is calculated. When the mouse
pointer comes in proximity to an object edge, a live wire boundary
snaps to and wraps around the object of interest31,32, as highlighted
in red contour color in Figure 4. If the user finds the contour
segment visually corresponds to a portion of the desired object
boundary, double clicking the mouse fixes the contour and changes
its color to green. This design enables the user to play a part in the

process of computer-based contour feature
extraction, leading to more reliable and
more repeatable results. After the cellular
and tissue shapes are identified by image
segmentation, further data analysis will
only focus on ROIs. The key next step
is to classify each pixel to a biomarker
or to the background by using K-means
clustering34.

K-means clustering. In addition to deter-
mining the staining intensity of biomarkers,
it is important to know the location of
biomarkers in an ROI, especially for multi-
plex-QD labeled cell and tissue specimens.
We have used the K-means algorithm
because it has three distinctive advantages:
(a) no requirement for human interaction,
(b) ease of implementation, and (c) high
performance. K-means is a widely used
technique for clustering of multi-spectral
data34, and is based on the sum of least
squares criterion. For example, in two-color
QD staining of prostate cancer tissues, we
can define each color of the biomarker and
the background as one cluster. For k-1
biomarker and the background, the first
step is to define k centroids (center posi-
tions), one for each cluster. These centroids
may be initialized by predefined values, or
may be placed far away from each other to
avoid local minima convergence. The next
step is to take each point belonging to a
given data set and associate it to the nearest
centroid. When this initial grouping is
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TABLE 1 | Methods for QD bioconjugation, conjugate chararacteristcs and comparative performance for immunohistochemical staining.

Conjugation method Sulfhydryl (covalent) Amide (covalent) Fc-sugar (covalent) His-tag (noncovalent) Biotin–avidin (noncovalent)

Conjugated ligand Ab fragments Whole Ab Whole Ab ScFv or Peptide Whole Ab
Site specificity Yes No Yes Yes No
Ligand orientation Fixed Random Fixed Fixed Random or fixeda

Ab/QD ratiob B4 B15 B15 B3–25 o3
Staining specificity Medium Low Medium High High
Staining brightness Low High Very high High Medium
Background noise Low Medium Low Low Low
Special conditions Protein-free buffer None Carbohydrate None None
Reagent costs Medium Low Medium High High
Overall performance Fair Poor Excellent Excellent Good

Notes: the data were derived from the authors’ laboratories at Emory University School of Medicine and Georgia Institute of Technology. Probe comparisons were made under identical experimental
conditions. Performance evaluations were based on a number of parameters such as level of nonspecific staining, background noise and specific signal brightness. All QD-Ab conjugates are stable for
2–4 weeks at 4 1C.
aThe orientation can be random or fixed based on the biotinylation method. bThese are approximate estimates based on the number of functional groups on the QD and the molar ratio of starting materials under
the assumption that 50% of the starting antibody molecules are conjugated to QDs. The actual number of antibodies per QD could vary depending on the reaction conditions.

Figure 4 | Computer screen showing prostate tissue specimens stained with traditional IHC and the

graphical interface for image analysis and biomarker quantification. Left panel: the user can pick a

starting ‘‘seed’’ by moving the mouse to the top of one prostate gland. As the mouse is placed by the user

along one side of the gland, the image processing system will compute the connection from this ‘‘seed’’

point to all neighboring points. Multiple possible connecting paths will be generated, and then the

optimal path will be labeled (i.e., highlighted in green color edge). This calculation occurs interactively in

real time. Middle panel: the use of K-means clustering to segment QD-stained tissue images, with cellular

structures being highlighted by light green and light red colors. Right panel: automated counting of

brown staining cells (red dots) and blue-staining cells (blue dots). The IHC images openly available

from the Human Proteome Organization (HUPO) are used in this analysis, demonstrating the broad

utility of our software system. Detailed staining information: antibody CAB002311, protein EnsEMBL ID:

ENSP00000304146, netrin receptor DCC precursor in prostate tissue; see http://www.proteinatlas.org.
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done, we need to recalculate k new centroids of the clusters
resulting from the previous step. After we have these k new
centroids, a new binding is established between the same data set
points and the nearest new centroids. During this iterative process,
the k centroids keep changing their locations step by step until they
are stabilized (that is, the k centroid positions no longer move or
change). During this iterative process, the algorithm aims to
minimize an objective function, in this case a squared error
function:

J ¼
Xk

j¼1

Xn

i¼1

x
ðjÞ
i � cj

���
���

2

where x
ðjÞ
i � cj

���
���

2

is a chosen distance between a data point x
ðjÞ
i and

the cluster center cj, and is an indicator of the distance of n data
points from their respective cluster centers. This K-means color
segmentation can be used for both traditional IHC (Figure 4) and
QD-IHC (Figure 5) to quantify biomarkers and background, and
also to count cells.

Figure 5 shows an example of using two-color QD probes to stain
two biomarkers (p53 and EGR-1) in prostate cancer tissues, together
with the detection of blue fluorescence as the tissue background. The
ROIs are identified by using 3-means (k¼ 3), and are highlighted in
red (p53), green (EGR-1), and blue (background). The three clusters
are combined together to show the distribution of each biomarker
and the background.

A potential problem of the K-means algorithm is that it may
converge to a local minimum instead of the optimal global
solution. Thus, additional features are added to make the algorithm
robust and adaptable to significant variations in staining densities
and lighting conditions: (i) to allow the user (if required) to
initialize the clustering algorithm by manually marking starting
seed points; and (ii) to allow the user to select the specific type
of staining and the number of biomarkers. As a result, our
K-means algorithm is able to process traditional IHC as well as
multiplexed QD stained slides on the same platform. It can also
detect different types of staining color themes (e.g., brown-colored
staining in standard IHC and orange-colored fluorescence in
QD staining).

Data quantification. Because the amount of biomarker in the
tissue is proportional to the amount of staining, and because
the fluorescence intensity (or optical density) is proportional to
the amount of staining, it is possible to quantify biomarker
expressions by fluorescence intensity or optical density measure-
ments. For this purpose, the biomarkers detected during the image
processing are converted into numeric values. Key parameters are
extracted such as biomarker staining intensities, background
intensities, and the relationship of biomarker to background
areas (this relative value is used to alleviate potential biases
introduced by absolute numbers). These parameters pertaining to
the complete ROI as well as each subsection are stored in a
database. Analysis and classification of these parameters can
provide information on the molecular anatomy of normal and
diseased cells. For clinical outcome studies, the biomarker expres-
sion profiles are correlated with datasets that are already validated
and stored in a database.

MATERIALS
REAGENTS
.Antibodies: E-cadherin (Santa Cruz Biotechnology, cat. no. sc7870), N-

cadherin (Abcam, cat. no. ab12221), vimentin (Santa Cruz Biotechnology,
cat. no. sc6360), EF1alpha (Upstate, cat. no. 05-235) and RANKL (Santa
Cruz Biotechnology, cat. no. sc-52951)

.Custom-made CdSe/ZnSe/ZnS QDs with fluorescence emission peaks at
530 and 650 nm (provided by Andrew Smith of Georgia Tech and Emory
University)

.QD655 primary antibody conjugation kit (Invitrogen, cat. no. Q2202MP)

.QD655 nanocrystals (amino, 4 mM) (included in the primary antibody
conjugation kit; Invitrogen, cat. no. Q2202MP) SMCC (4-(maleimido-
methyl)-1-cyclohexanecarboxylic acid N-hydroxysuccinimide ester;
included in the primary antibody conjugation kit; Invitrogen, cat. no.
Q2202MP) QD nanocrystals (carboxylated, 8 mM) (Invitrogen, cat. no.
Q21321MP)

.Dithiothreitol (DTT) (included in the primary antibody conjugation kit;
Invitrogen, cat. no. Q2202MP)

.Adipic acid dihydrazide (ADH) (Sigma, cat. no. A0638)

.EDC ((N-(3-dimethylaminopropyl)-N¢-ethylcarbodiimide hydrochloride;
Fluka, cat. no. 03450)

.Dialysis tubing (MWCO: 50 kDa, Spectral Laboratories, cat. no. 132128)

.Sodium periodate (Pierce, cat. no. 20504)

.PBS buffer (10�, pH 7.2) (VWR, cat. no. EM6507)

.NHS (N-hydroxysuccinimide; Pierce, cat. no. 24500)

.Methanol (Sigma, cat. no. 179337)

.QD–streptavidin nanocrystals (1 mM) (Invitrogen, cat. no. Q10121MP)

.Biotin-LC-hydrazide for size-directed biotinylation (Pierce, cat. no. 21340)

.NHS-PEO-biotin for random biotinylation (Pierce, cat. no. 21330).

.Triblock copolymer consisting of a poly-butylacrylate segment, a poly-
ethylacrylate segment and a poly-methacrylic acid segment (see details
below) (Sigma, MW ¼ 100 kDa)

.Deionized (DI) water (18 MO) (Millipore Milli-Q, CDOF01205)

.Normal goat serum (Vector Laboratories, cat. no. S-1000)

.BSA (Sigma, cat. no. A2153)

.DAPI nuclear stain (Sigma, cat. no. D9564)

.Mounting media (Biomeda, gel-mount, cat. no. M-01)
EQUIPMENT
.NAP-5 columns (GE Healthcare, cat. no. 17-0853-01)
.Gel filtration columns (Pierce, cat. no. 29920)
.Superdex 200 media (GE Healthcare, cat. no.17-1043-10)
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Figure 5 | Multiplexed QD IHC images of clinical FFPE (formalin fixed, paraffin

embedded) prostate tissue specimens, and quantitative analysis of cancer

biomarkers and tissue background fluorescence. The fluorescence images were

obtained with UV excitation, with the p53 marker stained red with QD655, the

EGR-1 marker stained green with QD565, and the tissue background observed

as blue. The color maps show the location where a biomarker (or the tissue

background) is more pronounced than others. (a) Original multicolor image;

(b) p53 protein (red); (c) EGR-1 protein (green); (d) tissue background

fluorescence (blue); (e) combined map of dominant markers and background;

and (f) automated boundary segmentation using level-set algorithms.
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.Syringe and plastic tubing (included in the Invitrogen primary antibody
conjugation kit)

.Stand and racks to hold the columns upright (Fisher, cat. no. 14-809-136
and 03-448-17)

.Centrifuge tubes (1.5 ml; VWR, cat. no. 87003-290)

.Non-stick centrifuge tips (1.5 ml; VWR, cat. no. 20170-650)

.Hydrophobic pen m CRITICAL Not all hydrophobic pens used in IHC would
work for QD staining; some of them may contain organic solvents that may
‘‘quench’’ QDs. According to our experience, try to stick with the
ImmunoEdge pen from Vector Laboratories.

.Concentrator (MWCO: 50 kDa) (Millipore, cat. no. 42415)

.Pipettors (Corning Lambda, cat. nos. CRSC001, CRSC003, CRSC005 and
CRSC006)

.Pipette tips (Fisher Scientific, cat. no. 02-707-136; VWR, cat. nos. 53508-810
and 83007-376)

.Transfer pipette (Fisher Scientific, cat. no. 13-711-7)

.Staining jar (VWR, cat. no. 25460-00)

.Lab-tek chamber slide system (sterile) (VWR, cat. no. 62407-296)

.Coverslips (VWR, cat. no. 48404-454)

.3-D rotator (Lab-line, cat no. 4630)

.UV/Vis spectrometer (Shimadzu UV-2401 PC)

.Fluorescence spectrometer (Roper Scientific, model SpectraPro 150)

.UV lamp (VWR, UVP/UVL-56)

.Centrifuge machine (VWR, C0175-VWR)

.Pressure cooker and steamer (DAKO, model S2800)

.Epifluorescence microscope (Olympus, model IX70)

.Spectral imaging microscope (CRI Inc., Nuance System with liquid crystal
tunable filter tuning between 400 and 720 nm)

.Rotating evaporator (Rotavapor R-3000; Buchi Analytical Inc.)
REAGENT SETUP
Amphiphilic block copolymers A triblock copolymer (consisting of a poly-
butylacrylate segment, a poly-ethylacrylate segment and a poly-methacrylic acid
segment with a molecular mass of approximately 100,000 Da) was chemically
modified for surface encapsulation of custom-made and Crystalplex TriLite
(ternary alloyed semiconductor) QDs6. For this purpose, the original polymer
[poly(tert-butyl acrylate-co-ethyl acrylate-co-methacrylic acid), cat. no. 444790,
Sigma-Aldrich] dissolved in dimethylformamide is reacted with n-octylamine at
a polymer/octylamine molar ratio of 1:40, using ethyl-3-dimethyl amino
propylcarbodiimide (EDAC, threefold excess of n-octylamine) as a crosslinking
reagent (reaction conditions: overnight, RT and normal atmosphere). The
product yields are generally greater than 90% owing to the high EDAC coupling
efficiency in dimethylformamide (determined by a change of the free octylamine
band in thin-layer chromatography (use 1:1 mixed CHCl3:MeOH as the mobile
phase, and stain for unreacted amines using ninhydrin stain (300 mg ninhydrin
dissolved in 100 ml n-butanol and 3 ml acetic acid)). The reaction mixture is
dried with a ratovap (Rotavapor R-3000, Buchi Analytical Inc.). The resulting
oily liquid is precipitated with water and is rinsed with water five times to
remove excess EDAC and other by-products. After vacuum drying, the

octylamine-grafted polymer is resuspended in an ethanol/chloroform mixture
and stored for use.
QD encapsulation and solubilization Using a 3:1 (v/v) chloroform/ethanol
solvent mixture, TOPO-capped QDs are encapsulated by the amphiphilic
triblock polymer. A polymer-to-QD ratio of 5:10 is used because molecular
geometry calculations indicate that at least four polymer molecules would
be required to completely encapsulate one QD. Indeed, stable encapsulation
(e.g., no aggregation) is not achieved at polymer/dot ratios less than 4:1. After
vacuum drying, the encapsulated dots are suspended in a polar solvent (aqueous
buffer or ethanol) and purified by gel filtration.
QD activation with EDC/NHS in methanol To 15 ml QDs (8 mM), add 3 ml
EDC (2.2 mM in methanol) and 3 ml NHS (4 mM in methanol), followed by
another 9 ml methanol, yielding a total volume of 30 ml. Leave this at RT for
30 min.
Antibody biotinylation Site-directed biotinylation is performed using
biotin–hydrazide and periodate-oxidized antibodies (detailed procedures are
given below) and random biotinylation is performed using NHS-PEO-biotin
through amine groups on the antibody (refer to Pierce website for detailed
procedures).
Antibody oxidization with sodium periodate (a) Dissolve antibody in
0.01 M sodium phosphate, 0.15 M NaCl, pH 7.2 (final concentration: 10 mg
ml�1). (b) Dissolve sodium periodate in water (final: 0.1 M), protect from light;
immediately add 100 ml of sodium periodate to 1 ml of the antibody solution
(1.5 mg ml�1); mix to dissolve, protect from light. (c) React in the dark for
30 min at RT. (d) Purify by dialysis overnight against PBS (dialysis tubing,
MWCO: 50 kDa).
Antibody sample for Step 1A Before an antibody of interest is reduced, it
should be purified and formulated in PBS at a concentration of 1 mg ml�1.
The antibody solution must be free of blood/serum, ascites and other proteins
such as BSA.
EQUIPMENT SETUP
Spectral imaging Wavelength-resolved spectral imaging is carried out by using
a spectral imaging system (CRI Inc.), which consists of a optical head that includes
a liquid crystal tunable filter (LCTF, with a bandwidth of 20 nm and a scanning
wavelength range of 400–720 nm), an optical coupler and a cooled, scientific-
grade monochrome CCD camera, along with image acquisition and analysis
software. The tunable filter can be automatically stepped in 10-nm increments
from 580 to 700 nm while the camera captures images at each wavelength with
constant exposure. Overall acquisition time is about 10 s. The 13 resulting TIFF
images are loaded into a single data structure in memory, forming a spectral stack
with a spectrum at every pixel. With spectral imaging software, small but
meaningful spectral differences can be rapidly detected and analyzed.
Quantitative imaging and spectroscopy An inverted Olympus microscope
(IX-70) with a broadband light source (ultraviolet 330–385 nm and blue
460–500 nm) and long-pass interference filters (DM 400 and 510, Chroma
Tech), plus a digital color camera (Nikon D1) and a single-stage spectrometer
(SpectraPro 150, Roper Scientific) are used for quantitative imaging and
spectroscopy.

PROCEDURE
Conjugation
1| Conjugate antibody fragments to QDs using one of the four methods: conjugations using SMCC (option A), conjugation
of antibodies to QD nanocrystals via oxidized Fc-carbohydrate groups (option B), direct conjugation of antibodies
to QD nanocrystals through amine–carboxylic acid coupling (option C) or indirect conjugation of biotinylated antibodies
to streptavidin-coated QDs (option D). In option A, disulfide bonds in the hinge region that hold the two heavy chains
together are selectively cleaved to create two antibody fragments, each containing free sulfhydryls and an antigen-
binding site.

Many immunoglobulin molecules are glycoproteins that can be periodate-oxidized to reactive aldehyde residues (option B).
Polyclonal IgG molecules contain carbohydrate in the Fc portion of the molecule. This is sufficiently removed from the antigen-
binding sites to allow conjugation to take place through the sugar chains without compromising binding specificity or affinity35.
Periodate-oxidized antibodies can then be conjugated to hydrazide groups36. Carboxylated QDs can be modified with ADH to
generate hydrazides on the QD surface36, which are then conjugated to oxidized antibodies through aldehyde-hydrazide covalent
chemistry.

Antibody molecules possess a number of functional groups that are suitable for QD conjugation. Crosslinking reagents can
be used to target lysine primary amine and N-terminal amine groups (option C). However, the distribution of these functional
groups within the three-dimensional structure of an immunoglobulin molecule is nearly uniform throughout the surface
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topology. For this reason, conjugation procedures using these groups often result in random orientation of the antibody in
the QD bioconjugates, blocking some antigen-binding sites. In comparison with site-directed conjugation, the random coupling
procedures do not place any special requirements on the antibody.
’ PAUSE POINT Once prepared, the QD–Ab conjugates can be stored for about 4–6 weeks. Beyond this storage period, staining
still works but the quality is fairly poor. The problem is that most antibodies need to be stored at �20 1C while QD samples at
4 1C. If the QD–Ab conjugates are stored at 4 1C for too long, the antibodies lose binding affinity and specificity.
(A) Conjugation of primary antibody fragments to QDs � TIMING 2–4 h

(i) Mix QD with SMCC for 1 h at RT. A 125 ml portion of stock QD solution (4 mM) is mixed with 13.8 mM SMCC, leading to
a final concentration of 1 mM SMCC.

(ii) Remove SMCC via size-exclusion column: remove both the caps of the NAP-5 column to allow as-supplied liquid to elute
through; equilibrate gel with 10 ml exchange buffer; cap the bottom of the column while there is still liquid above the gel
bed; add the reaction sample to the column; elute the exchange buffer and collect colored elute.

(iii) Antibody reduction: antibody is reduced with DTT to expose free sulfhydryl groups. Add 6.1 ml DTT to 300 ml antibody
(1 mg ml�1) and allow the reaction to proceed for 30 min at RT.

(iv) Remove DTT via size-exclusion column: add 20 ml of dye-labeled marker (included in the QD655 primary antibody
conjugation kit (Invitrogen, cat. no. Q2202MP)) to the reduced solution; pass the solution through NAP-5 column;
and collect colored elute.

(v) Mix activated QD from Step 1A(ii) and reduced antibody from Step 1A(iv) and incubate the reaction for 1 h at RT (20–25 1C).
(vi) Prepare 10 mM of b-mercaptoethanol stock immediately before use (working concentration should be 100 mM, which

corresponds to 10.1 ml of 10 mM b-mercaptoethanol solution for a 1.0 ml reaction solution).
(vii) Quench the reaction (Step 1A(v)) with b-mercaptoethanol for 30 min at RT.
(viii) Concentrate down to 20 ml or less with spin filters (MWCO 50 kDa).
(ix) Separate the QD–Ab conjugates from free antibodies using gel filtration filled with Superdex 200 media. Collect only the first

ten drops of the eluted solution once color appears (use UV lamp to help visualize the color) in the column’s ‘dead space’.
(x) QD–Ab conjugates are now ready for cell/tissue staining purposes.

? TROUBLESHOOTING
(B) Conjugation of antibodies to QD nanocrystals via oxidized Fc-carbohydrate groups � TIMING 4–6 h, 2 days if dialysis
is chosen for purification

(i) For 1 ml reaction solution, add 12.5 ml QD nanocrystal stock (carboxylated, 8 mM, and yielding a final concentration of
100 nM), 4 ml of 5 mM EDC stock (final concentration is 20 mM) and 5.1 ml ADH solution (dissolved in PBS, 3.2 mg ml�1)
(16.4 mg total).

(ii) Mix well and react for 4 h at RT.
(iii) Remove excess ADH and EDC by dialysis overnight against 2 liters of PBS (dialysis tubing, MWCO: 50 kDa). (The selection

of dialysis over size-exclusion column is a personal preference and is based on available supplies in the laboratory, not for
a scientific reason. It is however important to minimize the loss of QDs and antibodies as both reagents are expensive.)

(iv) Dissolve antibody in 0.01 M sodium phosphate, 0.15 M NaCl, pH 7.2 (final: 10 mg ml�1).
(v) Dissolve sodium periodate in water (final: 0.1 M) and protect from light by wrapping the reaction tube with aluminum

foil or keep the tube in a dark room.
(vi) Immediately add 100 ml of sodium periodate to 1 ml of the antibody solution (1.5 mg ml�1); mix to dissolve, protect

from light as above.
(vii) React in the dark for 30 min at RT.
(viii) Purify by dialysis overnight against PBS (dialysis tubing, MWCO: 50 kDa).
(ix) Mix QD–hydrazide and periodate-oxidized antibody at a QD:antibody molar ratio of 1:30 and react for 2 h at RT.
(x) Concentrate the reaction solution to 20 ml or less for the next step.
(xi) Separate the QD–Ab conjugates from free antibodies by gel filtration using Superdex 200 as the media. Collect the

first ten drops of colored elute (if QD concentration is too low to be visible, use a UV lamp to illuminate).
? TROUBLESHOOTING

(C) Direct conjugation of antibodies to QD nanocrystals through amine–carboxylic acid coupling � TIMING B6 h
(i) Mix activated QDs with antibody (1 mg ml�1 in PBS) and react for 4 h at RT; keep the amount of methanol below 4–5% of

total reaction volume; QD:antibody molar ratio is B1:30; final concentration of QD in the reaction should be around 50 nM.
(ii) Separate QD–Ab conjugates from excess free antibodies via gel filtration using Superdex 200 columns.
(iii) Measure collected elutes via UV–visible absorption and fluorescence spectroscopy.

? TROUBLESHOOTING
(D) Indirect conjugation of biotinylated antibodies to streptavidin-coated QDs � TIMING 3–4 h

(i) Mix biotin-LC-hydrazide with oxidized antibody (biotin/antibody molar ratio is 4:1, and the final biotin-hydrazide concen-
tration is 5 mM) and react at RT for 2 h.
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(ii) Purify three times using spin filters (MWCO: 50 kDa) (spin at 5,000 r.p.m. and dilute 1:10 with PBS, each time).
(iii) Mix biotinylated antibody with QD–streptavidin (volume ratio: 1:1) and react at RT for 1 h.
(iv) Separate QD–Ab conjugates from free antibodies using gel filtration (Superdex 200). The resulting QD–Ab conjugates

are now ready for staining purposes.

2| Prepare cells for staining by following the steps in options A–C for fresh cells from cultures, frozen cells and FFPE tissues,
respectively.
(A) Fresh cells from cultures � TIMING 1–2 h

(i) Culture cells in multiwell chamber slides overnight or 2 days till they reach about 50–80% confluency.
(ii) Aspirate off media with transfer pippets.
! CAUTION Avoid using motorized pipettors as this will cause cell wash-off owing to the high shear stress.

(iii) Wash with PBS briefly.
(iv) Fix and permeabilize with 3.7% formaldehyde/0.1% Triton X-100/PBS for 20 min at RT.
(v) Wash with PBS three times, each for 5 min.
(vi) (Optional, for nuclear staining only) Incubate with proteinase K (30 mg ml�1 in SDS) for 45 min to 1 h at 37 1C.

! CAUTION We note that the use of proteinase K can cause problems because this enzyme nonspecifically cuts all proteins
(including the antigens of interest). This problem can be alleviated by controlling the proteinase concentration and the
time of incubation. For nuclear antigens, we have not experienced major problems. It is likely that proteinase K degrades
intracellular matrix proteins and opens up the nuclear envelope, but does not cause significant damage to antigens in the
nuclei if the incubation time is relatively short (45 min to 1 h). However, adequate controls for the presence of antigen
epitopes (e.g., by extraction immunoblotting before and after proteinase K treatment) are still necessary. This is especially
true for archival FFPF tissues, which may present a range of different fixation conditions and may be differentially
susceptible to proteinase digestion.

(B) Frozen cells � TIMING 0.5–1 h
(i) Remove cell chamber slides from �80 1C freezer (frozen cells can be prepared by fixing the cells in ice-cold acetone for

20 min at �20 1C before transferring to �80 1C freezer).
(ii) Thaw (leave the cell chamber at RT and wait till it warms up).
(iii) Wash with PBS 2–3 times.

(C) FFPE tissues � TIMING 1–2 h
(i) Deparaffinize by immersing the slides in xylene for 5 min (repeat three times).
(ii) Dehydrate in 100% ethanol for 2 min (repeat twice), 2 min in 95% ethanol (repeat twice) and 2 min in 75% ethanol

(repeat twice).
(iii) Rinse with DI water for 2 min.
(iv) Perform an antigen retrieval step (by heat). Some antigens may require other methods such as proteinase K treatment.

Pressure-cook (DAKO) or steam for 40 min; use citrate buffer (pH 6.0) for antigens with high abundance; use EDTA buffer
(pH 8.0) for low-abundance antigens.
! CAUTION When using EDTA buffer, make sure tissue sections are on superfrost or positively charged slides; otherwise,
tissue will float off slide during antigen retrieval.

(v) Cool for 20 min.
(vi) Wash with PBS three times, 5 min each.

3| Stain the cells using antibody conjugates. The procedure will depend on whether you are using QD–secondary
antibody conjugates (option A), QD–primary antibody conjugates (option B) or multiplexed QD staining on FFPE samples
(option C).
(A) Using QD–secondary antibody conjugates � TIMING 4–6 h for one set of biomarkers (a ‘‘set’’ is defined as containing
antibodies from different animal species)

(i) Block with 2% BSA/5% goat (or rabbit) serum/PBS for 30 min at RT.
m CRITICAL STEP Blocking serum needs to be of the same animal origin as the secondary IgG.

(ii) Incubate the first set of primary antibodies (2–10 mg ml�1 in blocking buffer) for 1 h at RT.
(iii) Wash with PBS three times, 5 min each. Incubate the first set of QD–secondary antibodies (20 nM in 2% BSA/PBS

solution) for 2 h at RT or overnight at 4 1C.
(iv) Wash with PBS vigorously three times, 5 min each.
(v) Repeat Steps (i)–(iii) for additional sets of biomarkers.
(vi) Wash with PBS three times, 5 min each.
(vii) Counterstain cell nuclei with DAPI (100 ng ml�1 in water) for 5 min, then wash with DI water for 5 min.
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(viii) Mount and coverslip. Store in dark at 4 1C before microscopic viewing.
! CAUTION If cross-contamination is a problem during successive rounds of antibody staining, this problem can be
alleviated by incubating the samples with unlabeled secondary IgGs to saturate the unbound binding sites before
incubation with the subsequent set of primary antibodies.
? TROUBLESHOOTING

(B) Using QD–primary antibody conjugates � TIMING 3–5 h
(i) Block with 10% horse serum for 30 min at RT.
(ii) Incubate with QD–primary antibody conjugates: (a) membrane antigen: 20–30 nM, 2 h at RT; (b) nuclear antigen:

40–60 nM, 4 h at RT. Pause for thoughts: one potential limitation is that the nuclear antigens might not be accessible
to staining by large QD probes. In our hands, we did not see significant differences among 655, 605 and 565 nm QDs for
nuclear staining. Theoretically, one would prefer smaller QDs for nuclear staining, but practically we have not found much
difference. The reason is perhaps that our tissue specimens are cut and that the nuclear antigens are exposed for antibody
binding. For deeper QD tissue penetration, we have used detergents to good effect.

(iii) Wash with PBS three times, 5 min each.
(iv) Nuclear counterstaining: (a) cell nuclei can be stained with DAPI (100 ng ml�1 in water) for 5 min; (b) wash with

DI water for 5 min.
(v) Mount and coverslip. Store in dark at 4 1C before microscopic viewing.

? TROUBLESHOOTING
(C) Multiplexed QD staining on FFPE samples � TIMING overnight

(i) Draw a circle around the tissue section with a hydrophobic pen; this is to minimize the amount of reagents in the follow-
ing steps.

(ii) Block with 2% BSA/5% goat serum/PBS for 30 min at RT.
(iii) Incubate primary antibodies for 1 h at RT or overnight at 4 1C, depending on the affinity of the antibody.
(iv) Wash with PBS three times, 5 min each.
(v) Incubate QD–secondary antibody conjugates overnight at 4 1C.

m CRITICAL STEP Overnight at 4 1C always works, 2 h at RT may also work for some antigens; but 1 h at RT is usually not
sufficient. We note that the antibody quality (i.e., binding affinity and specificity) plays a major role in determining QD
staining success or failure. For example, the antibodies from US Biological should be incubated for at least 30 min at RT
for nuclear antigen staining even in traditional IHC. When conjugated to QDs, we see nuclear staining after 1 h at RT, but
more ‘‘gentle’’ and complete antigen binding is achieved after overnight incubation at 4 1C.

(vi) Wash with PBS vigorously for three times, 5 min each.
(vii) Counterstain with DAPI (100 ng ml�1) for 5 min at RT.
(viii) Wash with DI water at RT for 5 min.
(ix) Mount with gel-mount (aqueous media) and coverslip.
(x) Place slides in the slide-holder and store at 4 1C.

? TROUBLESHOOTING

? TROUBLESHOOTING
Step 1A
Unsuccessful conjugation is often due to the presence of other disulfide-containing molecules in the antibody medium or buffer.
QD conjugation should be confirmed by running agarose or PAGE gels showing size differences between conjugated and
unconjugated antibodies and QDs.

Step 1B
Aggregate formation: EDC/ADH concentration too high; unsuccessful conjugation: antibody does not contain sugar group (e.g.,
some monoclonal antibodies). Successful conjugation should be confirmed by running agarose or PAGE gels showing size changes.

Step 1C
Aggregate formation: QD concentration too high or too much EDC. Successful conjugation should be confirmed by running
agarose or PAGE gels.

Steps 3A–C
First, check the quality of QD–Ab conjugates by spreading a small drop on a coverslip and examining it under a fluorescence
microscope. Some conjugates may contain aggregates owing to inappropriate handling or storage. It should be noted, however,
that even new samples of QD–IgG conjugates from commercial sources could contain lots of aggregates. Check the slides under
a microscope after each QD staining step; if there is too much staining, reduce the amount of primary antibody or QD–secondary
antibody; if no staining or staining is too weak, increase the antibody concentrations or incubation time.
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Step 3C
Additionally, the lack of staining or weak signal could be caused by a wrong hydrophobic barrier pen used or a wrong antigen
retrieval method.

Unsuccessful QD–antibody conjugation
Aggregate formation: too many QDs present in buffer, too much of a reagent, e.g., EDC, wrong reaction buffer (e.g., buffer at an
incorrect pH or using a free-amine containing buffer in EDC coupling reactions).
Presence of competitive proteins in the antibody solution.

Problems relating to QD staining of cell and clinical tissue specimens
No staining: unsuccessful conjugation, QDs disrupted during conjugation, antibody lost affinity during conjugation,
concentration too low, incubation time too short, antigen retrieval not correct.
Too much staining: concentration too high, antigen retrieval condition too harsh.

ANTICIPATED RESULTS
Quantitative biomarker information can be obtained by using a spectrometer attached to the fluorescence microscope. It is
however very important to use a common protein such as b-actin or GAPDH as an ‘internal control’. That is, one of the QD–Ab
conjugates should be designed to measure the product of a housekeeping gene that is expressed at relatively constant levels
in all cells. As shown in Figure 6, this common protein can be used to normalize the biomarker data. The use of an internal
control holds great promise for overcoming a number of major problems in biomarker quantification, such as differences in
the probe brightness, variations in probe binding efficiency, uneven light illumination and detector responses (see Box 2).

The majority of available tumor specimens are archived, FFPE tissues that might be several decades old. As the clinical
outcomes of these tissues are already known, these specimens are well suited for examining the relationship between molecular
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Figure 6 | Multicolor QD staining of human prostate cancer cells, and biomarker normalization using a housekeeping gene product as the internal reference.

(a) Color fluorescence image of prostate cancer cells stained with five different QDs: QD525 staining vimentin; QD565 staining N-cadherin; QD605 staining

RANKL; QD655 staining E-cadherin; and QD705 staining the housekeeping gene product (elongation factor-1a). (b) Raw wavelength-resolved QD data from a QD-

stained cell specimen. (c) Deconvolved data showing the individual QD spectra. (d) Quantitative protein biomarker data as normalized by the internal reference

(based on the area under each deconvolved QD spectrum). The images are raw data from a color CCD camera.

BOX 2 | SIZE TUNABLE VS COMPOSITION TUNABLE QDS

Size-tunable properties are a hallmark of semiconductor QDs and related nanostructures. The fluorescence emission spectra of ZnS-capped CdSe
QDs are tuned from blue to red by changing the core particle diameter from 1.5 to 6.0 nm. Such large size changes could, however, cause
problems in many applications such as multicolor cellular imaging and immunohistochemical staining, because these particles have significantly
different volumes, masses and surface areas. Moreover, size-tunable CdSe QDs show considerable variations in signal brightness (measured by the
absorption coefficient and fluorescence quantum yield on a particle-to-particle basis) at different emission colors. In fact, the integrated signal
intensity of green QDs (525 nm emission) is 17 times lower than that of red QDs (655 nm emission) and is almost 32 times lower than that of
near-infrared dots (705 nm emission) under identical experimental conditions. It is thus not surprising that many QD users have observed that
the red dots are considerably brighter than the green dots. When these dots are used to quantify biomarker expressions in the same cells or tissue
specimens, the results will be misleading. To overcome this problem, recent research has shown that the QD emission spectrum can also be tuned
by changing the composition of the core material while keeping the size constant52–55. In particular, alloyed semiconductor QDs (cadmium
selenium telluride or CdSeTe) with both homogeneous and gradient internal structures have been prepared to achieve continuous tuning of the
optical properties without changing the particle size52. Remarkably, the alloyed QDs exhibit similar fluorescence quantum yields (QE¼ 30–60%)
and spectral widths (full-width at half-maximum or FWHM ¼ 35 nm) as the traditional core-shell dots (FWHM ¼ 30–35 nm). This type of QD is
potentially advantageous for multiplexed cell/tissue labeling because their absorption coefficients (roughly proportional to the particle volume)
are similar for all different colored dots. As a result, the brightness variability between dots with different emissions can be minimized, giving a
more accurate representation of the actual profiles of biomarkers in cellular and tissue samples.
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profile and clinical outcome in retrospective studies. One example is to study the epithelial–mesenchymal transition (EMT)
process in the progression and metastasis of prostate cancer to the bone. EMT is a normal biological mechanism first reported
in embryonic development and later found in cancer metastasis37. During EMT, cancer cells undergo phenotypic and behavioral
changes and become more invasive, characterized by changes in the profiles of cellular adhesion molecules such as an increase
of N-cadherin and a loss of E-cadherin. Other important markers for EMT include vimentin, cytokeratin 18 and RANKL. As a
model system for staining optimization, we have used QD-conjugated secondary antibodies for molecular profiling of EMT using
two FFPE slides from an androgen-repressed prostate cancer (ARCaP) model38. In this model, ARCaPE is more epithelial-like and
less invasive, whereas the ARCaPM has more mesenchymal characteristics and is more invasive. The transition between ARCaPE

and ARCaPM can be promoted by growth factors and by the interactions between prostate cancer cells and bone. Thus, this cell
model represents a stepwise progression of human prostate cancer. As illustrated in Figure 7, we have achieved simultaneous
staining of four different biomarkers with expression profiles consistent with western blot data. Moreover, QD staining provides
spatial localization information (both inter- and intracellular), which is not possible with western blot or molecular biology
techniques. A note of practical importance is that staining of FFPE cells requires longer incubation time (overnight at 4 1C
versus 1 h at RT) and a higher QD–secondary antibody concentration than that required for freshly fixed cells.

For molecular profiling of clinical FFPE prostate specimens, we have also obtained interesting results by using four tumor
antigens (mdm-2, p53, EGR-1 and p21), as shown in Figure 8. These markers are known to be important in prostate cancer
diagnosis and are correlated with tumor behavior39,40. We are able to detect all four markers in the tissue specimens, but the
autofluorescence is higher than that observed in FFPE cells. Compared with FFPE cells, clinical tissue specimens may require
harsher antigen retrieval conditions (EDTA buffer vs citrate buffer) and generally have stronger autofluorescence. On the other
hand, autofluorescence can be desirable by serving as a counterstain for tissue morphology. Autofluorescence can be separated
from the QD signal by intentionally illuminating the sample to bleach it out while leaving the QDs bright enough for imaging
and spectral analysis. Of course, spectral unmixing algorithms can be used to separate the background fluorescence from the
real QD signals41,42. These early results demonstrate the feasibility of using QDs as fluorescent labels for molecular profiling of
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Figure 7 | Multiplexed QD profiling of four tumor biomarkers using two FFPE prostate cancer cell lines with distinct bone-metastasis behaviors. The four markers,

all associated with EMT, are N-cadherin, EF (elongation factor)-1a, E-cadherin and vimentin, and their corresponding QD colors are 565, 605, 655 and 705 nm.

The cell nuclei were counterstained blue by DAPI, and the QD data were captured under blue excitation. (a) Color fluorescence image of highly metastatic

prostate cancer cells (clone ARCaPm); (b) single-cell QD data obtained from image a; (c) color fluorescence image of benign prostate cancer cells (clone

ARCaPe); (d) single-cell QD data obtained from image c. The relative abundance of these markers is consistent with western blotting data (not shown). Note that

individual cancer cells have heterogeneous expression patterns; the single-cell data in b and d are representative of a heterogeneous cell population. The images

are raw data from a color CCD camera.
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Figure 8 | Multiplexed QD staining of archived FFPE clinical specimen from human prostate cancer patients, and comparison between two different glands on

the same tissue specimen. Four tumor biomarkers (mdm-2, p53, EGR-1 and p21) were labeled with four colors of QDs emitting at 565, 605, 655 and 705 nm,

respectively. (a) Color fluorescence image of QD-stained tissue specimens showing just one gland; (b) representative fluorescence spectrum obtained from single

cells in the gland (image a); (c) color fluorescence image of the same QD-stained tissue specimens but showing a different gland; (d) representative fluorescence

spectrum obtained from single cells in the second gland (image c). Note that the biomarker profile is remarkably different for different glands. This ability to

measure cellular heterogeneity on the same tumor specimen will be crucial for clinical applications. AF stands for autofluorescence. The images are raw data from

a color CCD camera.
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FFPE clinical specimens. With continuous efforts in optimizing the experimental conditions, we believe that QD probes hold
great promise in multiplexed molecular profiling of clinical tissue specimens and correlation of biomarkers with disease behavior
(see Box 3).

It is critically important to validate the QD staining data with other available techniques. For this purpose, we have obtained
QD molecular profiling data from standard human breast cell specimens, and have compared the corresponding biomarker data
with traditional IHC and fluorescence in situ hybridization techniques. Briefly, slides from formaldehyde-fixed paraffin cell blocks
were stained in accordance with standard pathological protocols for three breast cancer biomarkers—ER (estrogen receptor),
PR (prostesterone receptor) and HER2. This panel of protein biomarkers was selected because of its clinical significance in
human breast cancer diagnosis and treatment43–46. The traditional IHC results were analyzed by two independent observers
and scored with a standard scale from 0 (no visible staining in the nucleus or membrane) to 3+ (strong and complete
membrane or nuclear staining in more than 10% of malignant stained cells). For a comparative analysis of QD profiling with
traditional IHC, it is necessary to normalize the absolute fluorescence intensities of QD–Ab signals so that relative percentage
values are calculated from the maximum signal strength.

The results reveal that a 3+ score for ER, PR or HER2 by traditional IHC corresponds to 85–100% relative expression of the
antigen by QD–Ab measurement, and that 1+ or 2+ scores by traditional IHC correspond to 11–48% expression as determined
by QD quantification. We note that classification of antigens expressed at low levels (1+ or 2+) is subjective, requiring
experience and often resulting in considerable interobserver variations. In contrast, quantitative QD measurements allow
accurate determination of tumor antigens at low levels. For example, PR expression in MCF-7 cells and ER expression in BT-474
cells are both classified as 1+ by traditional IHC, but quantitative QD measurements indicate major differences in PR expression
(16.8%) and ER expression (47.7%) in these two cell lines. This indicates that the quantitative nature of QD-based molecular
profiling could simplify and standardize categorization of antigens that are expressed at low levels. This is of fundamental
importance in the management of breast cancer, as the likely benefit of hormonal therapies and trastuzumab depends directly
on not just the presence but also the quantity of hormone or HER2 receptors47–49.
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